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Abstract 
Recently, the use of nanoparticles in extraction columns has gained increasing attention due 
to their potential to enhance mass transfer processes. Most of the reported work, however, has 
been concerned with mass transfer enhancement in gas–liquid systems in the presence of 
nanoparticles, while limited studies of liquid–liquid systems have been reported. Liquid–
liquid extraction is an extensively employed separation method that has taken on a substantial 
role in engineering and industrial applications for recovery processes. Therefore, the aim of 
this review article is to provide an overview of the state-of-the-art from the available 
literature on the effect of nanoparticles on the hydrodynamic behavior and mass transfer 
performance of liquid–liquid systems. Attention is also given to providing an understanding 
of the mechanisms responsible for the improvements in mass transfer with the use of 
nanoparticles. In the majority of studies, the presence of nanoparticles was found to be 
beneficial and to lead to improved mass transfer, although a few investigations reported a 
detrimental impact of nanoparticles. The literature does not clearly describe the conditions 
under which the addition of nanoparticles would be unfavorable. Moreover, the addition of 
nanoparticles always introduces potential drawbacks, such as sedimentation, accumulation, or 
clogging inside extraction columns, as well as the need to separate the nanoparticles at the 
outlets. These drawbacks have not been considered in the literature, limiting the practical 
employment of nanoparticles in this industry. 
Keywords: Nanoparticle; Liquid–liquid extraction; Mass transfer; Droplet behavior; 
Dispersed phase holdup 
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Nomenclature 
a interfacial area (m
2
/m
3
) 
A pulsation amplitude (cm) 
Af pulsation intensity (cm/s) 
B magnetic field strength (T) 
C solute concentration (kg/m
3
) 
C0 initial concentration of solute (kg/m
3
) 
C
*
 equilibrium concentration of solute (kg/m
3
) 
d droplet diameter (m) 
d32 Sauter mean diameter of droplets (m) 
de equivalent diameter of drop (m) 
dp nanoparticle size (nm) 
Dd molecular diffusivity (m
2
/s) 
E Extraction efficiency 
Eo   E tv s num er 
f pulsation frequency (s
−1
) 
g gravity, (m/s
2
) 
H effective height of column (cm) 
KB Boltzmann constant, =1.3807×10
-23
 J/K 
Kod overall dispersed phase mass transfer coefficient (m/s) 
k local mass transfer coefficient 
L column height (m) 
M Morton number 
N rotor speed (1/s) 
ni number of droplets with di 
Ns nanoparticle size 
P probability of number density 
Pe Peclet number 
Pr Prandtl number 
Q flow rate (m
3
/s) 
R1 length of major axis (mm) 
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R2 length of minor axis (mm) 
   enhancement factor 
dD   effective molecular diffusivity (m
2
/s) 
Re drop Reynolds dimensionless number 
S column cross sectional area (m
2
) 
Sc Schmidt number  
Sh Sherwood number 
t resident time of dispersed phase in column, contact time (s) 
U velocity (m/s) 
Ut terminal velocity (m/s) 
V volume (m
3
) 
We Weber number 
xd dispersed phase holdup 
Greek symbols 
   interfacial tension (N/m) 
   Lagrange multipliers of probability maximum entropy function 
   dynamic viscosity (Pa s) 
   kinematic viscosity (m2/s) 
   density (kg/m3) 
   volume fraction 
   weight fraction 
Subscripts 
0 initial point 
bf based fluid 
c continuous phase 
d dispersed phase 
nf nanofluid 
np nanoparticle 
o overall 
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1. Introduction 
Liquid–liquid extraction is a classical method for product puriﬁcation and material recovery, 
and is used in many industrial applications including chemical, pharmaceutical, 
environmental, oil, food, nuclear, and hydrometallurgical processes [1]. This process is 
typically used when other separation methods such as distillation, evaporation, and 
crystallization are not possible. A schematic of an organic droplet dispersed in a continuous 
aqueous phase in an extraction process is depicted in Fig. 1. A great deal of research into the 
enhancement of extraction performance has been performed, which has led to the 
development of a class of liquid–liquid contactors in which mechanical agitation is applied to 
increase the interfacial area between the two liquid phases [2]. One type of liquid–liquid 
contactors is the pulsed sieve-plate extraction column, which requires external energy input 
in the form of a pulsing motion (usually sinusoidal) superimposed on the counter-current 
flow of the liquid phases. This pulsation provides high levels of turbulence, which assists in 
droplet breakage. Consequently, a large interfacial area is generated, which leads to high 
mass transfer coefficient values [3]. 
 
Figure 1. (a) Schematic presentation of an organic phase droplet in aqueous phase and (b) 
possible distribution of nanoparticles around droplets [4]. 
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The mean droplet diameter, droplet size distribution, and dispersed phase holdup are key 
parameters in the design and optimization of pulsed columns, because they are related to the 
interfacial area, which directly affects the heat and mass transfer [5,6]. These parameters also 
affect the stability of the emulsions, rheological characteristics of the mixture, reaction rate, 
extraction performance, and final polymer particle size and properties in suspension 
polymerization [7,8]. The mean droplet diameter and the droplet size distribution are affected 
by several parameters. In the absence of pulsation, interfacial tension and buoyancy are the 
main cause of droplet breakup. In the presence of pulsation, smaller droplet sizes are formed, 
and the droplet size distribution is less broad. At higher pulsation amplitudes, the breakage 
rate of droplets increases due to increased collision between the drops and the internal plates 
and walls [9,10]. 
Furthermore, the addition of salts, surface-active agents (surfactants), and nanoparticles has a 
considerable impact on the hydrodynamic and mass transfer performance of solvent 
extraction processes, due to their effects on the coalescence and breakup of droplets. 
Surfactants are amphiphilic molecules that significantly decrease interfacial tension, and are 
commonly used to stabilize emulsions [11]. According to Bancroft’s rule, the hydrophile–
lipophile balance (HLB) number can be defined as a criterion for selecting surfactants based 
on their composition [12]. In addition to surfactants, nanoparticles provide steric hindrance 
around dispersed phase drops when they are absorbed at the interface of two immiscible 
phases, and lead to the formation of dispersed phase droplets that are more stable against 
coalescence.  
Many studies have investigated the effect of adding different nanoparticles on the conductive 
and convective heat transfer coefficients [13–17]. Several review articles on the heat transfer 
enhancement of nanofluids have also been published [18–22] and the characteristics of these 
particles were tested to optimize the mass- and/or heat-transfer enhancement [23–26]. The 
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use of nanofluids offers various benefits, including a substantial enhancement of the heat 
transfer coefficient and thermal conductivity at low nanoparticle concentration [27–30], an 
increase in critical heat flux in pool boiling [31], and enhanced temperature-dependent 
thermal conductivity [32]. Several mechanisms that are responsible for heat and mass transfer 
enhancement have been discussed by researchers, including Brownian diffusion, 
thermophoresis, diffusiophoresis, liquid layering on the nanoparticle-liquid interface, induced 
micro-convection, thermal diffusion, and increased conduction through aggregates [20]. One 
major factor responsible for the enhancement of heat transfer in nanofluids is the Brownian 
motion of the nanoparticles [33,34]. This Brownian mechanism similarly leads to the 
enhancement of mass transfer performance [35–38].  
There are a number of studies in the literature regarding the impact of nanoparticles on mass 
transfer; however, most of these investigated the convective mass transfer performance 
between liquid and gas phases [39–45]. Fig. 1 depicts this phenomenon, in which the 
accumulated nanoparticles are distributed mainly at the rear of the moving drops 
[4]. However, limited investigations have been conducted on the effect of nanoparticles on 
liquid–liquid extraction, which is the other popular separation process, indicating a need for 
further investigations into this problem. Relatedly, the International Union of Pure and 
Applied Chemistry (IUPAC) recently officially recommended the use of 'liquid–liquid 
extraction' for some solvent extractions [46]. In this context, this review focuses for the first 
time on the effect of nanoparticles on the hydrodynamic and mass transfer performance of 
different extractors for liquid–liquid applications. 
The main aim of the present article is to provide an overview of the state-of-the-art of the 
subject, and also to point out the gaps in knowledge in the available literature for future 
research.  Its other main goal is to provide researchers with a better understanding of the 
capabilities of nanofluids to enhance mass transfer, especially for liquid–liquid extraction 
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applications. Accordingly, recent studies on the influence of nanoparticles on the 
hydrodynamic behavior and mass transfer performance of different liquid–liquid extraction 
columns have been reviewed. The theoretical foundations of the extraction column are also 
discussed. The beneficial effects of nanoparticles are described, and the potential underlying 
mechanisms are discussed.  
This review is presented in six main sections. Section 2 describes synthesis procedures for 
nanoparticles, preparation methods of nanofluids, and various approaches for characterizing 
the properties of the synthesized nanoparticles. Section 3 concentrates on presenting 
formulations developed for the processing and measurement of the hydrodynamic behavior 
and mass transfer characteristics of liquid–liquid systems in the absence and presence of 
nanoparticles. The effect of nanoparticles on the most important hydrodynamic performance 
parameters, including the drop characteristics and dispersed phase holdup in various 
extraction columns, are discussed in Section 4 and Section 5. Section 6 focuses on the mass 
transfer characteristics of solvent extraction columns in the presence of nanoparticles. This 
section is divided into two parts: extraction in the absence of a magnetic field and in the 
presence of a magnetic field. To clearly classify the literature, the experiments further 
organized according to the type of extraction column used, including pulsed and agitated 
extraction columns, as shown in Fig. 2. Finally, Section 7 and Section 8 present the 
conclusions obtained from this review, and suggest possible future work, and recommend 
important areas in which further experimental and theoretical investigations are needed. 
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Figure 2. Schematic diagram of the article structure. 
 
2. Synthesis of nanoparticles and preparation of nanofluids 
Various techniques have been developed for the synthesis of different nanoparticles, 
including chemical precipitation, nucleation, sol–gel, hydrothermal, micro-emulsion, and 
combustion methods. The preferred method of synthesis depends on the type of 
nanoparticles. For instance, the co-precipitation method is recommended for the synthesis of 
Fe3O4 and MnFe2O4 nanoparticles [47,48]. On the other hand, for the synthesis of TiO2, CuO, 
and Al2O3 nanoparticles, the sol–gel method is preferred [49].  
Generally, the preparation of nanofluids has been carried out using two general methods: 
single-step and two-step techniques. In the single-step method, the synthesis of the 
nanoparticles and the preparation of the nanofluid are accomplished simultaneously. In this 
way, little to no agglomeration of the nanoparticles occurs, and the prepared nanofluid is 
highly stable. In addition, nanoparticle drying, storage, transportation, and dispersion steps 
are all avoided. However, this method is limited to lab-scale preparations, and cannot be 
implemented for large-scale industrial applications [50–52].  
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The latter method for the preparation of nanofluids, which has been widely employed, 
involves the preparation of dry nanoparticles in the first stage and the dispersion of 
nanoparticles in a suitable liquid phase at the second stage. However, undesired effects such 
as clustering and aggregation occur to a greater extent compared to the single-step method, 
resulting in sedimentation and clogging [53]. In such cases, ultrasonication is required in 
order to provide proper dispersion of the nanoparticles and decrease their agglomeration [54]. 
Surface treatment of the nanoparticles and the addition of surfactants are alternative methods 
to enhance the stability of the nanofluids by modifying the hydrophobicity of the 
nanoparticles and consequently reducing their agglomeration [55,56]. For instance, Fe3O4 
nanoparticles have hydrophilic surfaces and cannot be dispersed in an organic phase. 
Therefore, the addition of particular surfactants such as oleic acid is needed to stabilize 
nanoparticle suspension [57]. However, it should be noted that the addition of surfactants and 
stabilizing agents may influence the nanofluid mass transfer performance, and should be 
avoided when possible [58]. The excess mass transfer resistance exerted by the surfactants 
has been attributed to either the hydrodynamic effect or to the formation of an interfacial 
barrier layer. The effects of the surfactant on the hydrodynamic behavior of moving droplets 
may include changes in internal circulation velocities, interfacial mobilization, and the 
inhibition of interfacial movement due to the gradient of interfacial tension along the drop 
surface. Additionally, the concept of the barrier layer, also called the physicochemical effect, 
has usually been attributed to the interaction between the solute and the adsorbed surfactant 
across the interface [59]. Surface modification with organic molecules can be applied during 
or after the synthesis procedure to efficiently stabilize nanoparticles. Silane coupling agents 
have been typically employed for this purpose [60,61]. 
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2.1. Characterization of nanoparticles and nanofluids 
In this section, the most common techniques for characterizing nanoparticles and 
nanostructured materials are presented [62]. Dynamic Light Scattering (DLS) technique 
involves analyzing the light that is scattered from materials and is commonly employed for 
studying colloidal systems as it is a relatively fast and straightforward technique. The main 
application of DLS in nanotechnology is the absolute determination of nanoparticle sizes. 
DLS is utilized to measure particle sizes in the range from a few nanometers to a few 
microns. DLS has several advantages over other techniques for particle size determination; a 
DLS measurement uses non-ionizing lower energy light sources and is carried out at room 
pressure. Also time-dependent DLS is ideal for studying the growth of nanocrystals in 
solution, unlike other techniques that require the samples be dried. DLS does have some 
limitations. It is only suitable for particles whose size is larger than about a tenth of the 
illuminating wavelength, and the intensity is angle dependent. Other limitations include the 
requirement (in most cases) for dilute suspensions in order to minimize multiple scattering; 
the difficulty in differentiating between tiny fluctuations and noise; and it is impossible to 
discriminate between light scattered from a single primary particle agglomerate. 
In a Transmission electron microscopy (TEM) technique, a beam of focused high energy 
electrons is transmitted through a thin sample to reveal information about its morphology, 
crystallography, particle size distribution, and its elemental composition. It is capable of 
providing atomic-resolution lattice images, as well as giving chemical information at a spatial 
resolution of 1 nm or better. Because the unique physical and chemical properties of 
nanomaterials not only depend on their composition, but also on their structures, TEM 
provides a means for characterizing and understanding such structures. TEM is unique as it 
can be used to focus on a single nanoparticle in a sample, and directly identify and quantify 
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its chemical and electronic structure. Perhaps the most important application of TEM is the 
atomic-resolution real-space imaging of nanoparticles. 
The Scanning Electron Microscopy (SEM) technique is perhaps the most routinely utilized 
instruments for the characterization of nanomaterials. SEM can monitor the formation and 
growth of thin films and nanostructures. With an SEM it is possible to obtain secondary 
electron images of organic and inorganic materials with nanoscale resolution, allowing 
topographical and morphological studies to be carried out, by scanning an electron probe 
across a surface and monitoring the secondary electrons emitted. 
X-ray diffraction (XRD) technique involves monitoring the diffraction of X-rays after they 
interact with the sample. It is a crystallographic technique used for identifying and 
quantifying various crystalline phases present in solid materials and powders. In XRD the 
crystal structure can be determined as well as the size of grains and nanoparticles. XRD is 
one of the most utilized techniques for determining the structure of inorganic and organic 
materials. It is also widely used for studying nanostructured thin films and nanoparticles. 
However, the materials must have ordered structure, and it cannot be used directly to study 
amorphous materials. Another inherent limitation of XRD is that mixtures of phases that have 
low symmetry are difficult to differentiate between because of the larger number of 
diffraction peaks. XRD has many practical uses for nanotechnology enabled sensing 
applications. Not only does it allow for different phases to be identified, it can also be used to 
monitor the growth and formation of nanosized crystallites by examining the broadening of 
peaks in the XRD pattern. It is also valuable for determining the distribution of nanocrystals 
on the surface of a sensing layer. 
Ultraviolet-visible (UV-vis) spectroscopy is widely utilized to quantitatively characterize 
organic and inorganic nanosized molecules and the samples may exist in gaseous, liquid or 
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solid form. A sample is irradiated with electromagnetic waves in the ultraviolet and visible 
ranges and the absorbed light is analyzed through the resulting spectrum. It can be employed 
to identify the constituents of a substance, determine their concentrations, and to identify 
functional groups in molecules. Different sized materials can be characterized, ranging from 
transition metal ions and small molecular weight organic molecules, whose diameters can be 
several Angstroms, to polymers, supramolecular assemblies, nanoparticles and bulk 
materials. Furthermore, as it operates on the principle of absorption of photons that promotes 
the molecule to an excited state, it is an ideal technique for determining the electronic 
properties of nanomaterials. Many electronic properties, such as the band gap of a material, 
can be determined by this technique. 
Fourier-transform infrared (FT-IR) spectroscopy is a popular characterization technique in 
which a sample is placed in the path of an IR radiation source and its absorption of different 
IR frequencies is measured. Solid, liquid, and gaseous samples can all be characterized by 
this technique. IR spectroscopy is employed to identify the type of bond between two or more 
atoms and consequently identify functional groups. IR spectroscopy is also widely used to 
characterize the attachment of organic ligands to organic/inorganic nanoparticles and 
surfaces. Because IR spectroscopy is quantitative, the number of a type of bond may be 
determined. 
 
3. Experimental data processing 
3.1. Nanofluid properties 
To analyze a liquid–liquid extraction process in which a nanofluid is the working fluid, it is 
necessary to know the thermophysical properties of nanofluid, including its viscosity, density, 
and surface tension. Despite the growing amount of research being conducted recently on the 
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viscosity of nanofluids, very few studies have focused on the development of theoretical 
models for the prediction of the viscosity of nanofluids, and no widely accepted model is 
available that can accurately predict the viscosity of nanofluids. On the other hand, all 
recently proposed empirical correlations are obtained by fitting their own experimental 
results and are neither widely accepted nor suitable for other types of nanofluids [63]. Many 
parameters affect the nanofluid viscosity including preparation method, base fluid type, 
temperature, particle size and shape, volume concentration, acidity (pH value), shear rate, 
surfactants, and particle aggregation [64]. A recent paper of a theoretical model for nanofluid 
viscosity is reported by Masoumi et al. [65]. They proposed a new model with the 
consideration of the Brownian motion. Their model is based on Brownian motion of particles 
considering five parameters (volumetric fraction, temperature, particle diameter, nanoparticle 
density, and base fluid physical properties) and is valid for alumina/water nanofluids: 
       
      
 
    
         (1) 
where ρp is the density, dp denotes the particle diameter, δ indicates the distance  etween the 
nanoparticles and C and VB are the two functions of temperature. 
Among all empirical correlations available for viscosity of nanofluids, Sharma et al. [66] and 
Corcione [67] correlations are presented as the representative ones. Sharma et al. [66] 
proposed an empirical correlation for the viscosity ratios of metal oxide nanofluids with 
volume concentrations of less than 4% based on the concentration, temperature, and 
nanoparticle dimensions as follows: 
0.0610.03811.3
1 1 1
100 70 170
pnf nf
f
dT 


   
       
     
     (2) 
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Here, ϕ is the volume fraction of nanoparticles, Tnf denotes the nanofluid temperature, dp 
represents the nanoparticle diameter, and 
nf and bf  represent the viscosities of the 
nanofluid and base fluid, respectively. 
Corcione [67] analyzed different experimental data from diverse literature for different types 
of nanofluids consisting of spherical Al2O3, TiO2, SiO2, and Cu nanoparticles: 
       
 
              
    
     
        (3) 
where df is the equivalent diameter of the base fluid molecule [67]. 
According to the theory of two-phase mixtures, the density of nanofluid is given as [68]: 
 1nf p bf                (4) 
where ρnf, ρp, and ρbf represent the densities of the nanofluid, particles, and base fluid, 
respectively. Here, ϕ is the particle volume fraction. When the weight fraction of the 
particles, ω, is known, ϕ can be calculated as: 
(1 )
bf
bf np


  
 
  
   
         (5) 
Surface tension is a material property that is typically looked up from reference tables or 
measured using a tensiometer. However, the droplet weight method is frequently used for the 
determination of interfacial tension. That is: 
 32 f /
V g
r r V




           (6) 
where r and g represent the outer radius of the capillary and the acceleration of gravity,  is 
the difference in density between two phases, and V represents the volume of the drop that 
falls from the capillary into the organic phase. Moreover, empirical relations can be used to 
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obtain the constant  3f /r V  [69]. Lee et al. [70] conducted a review in this field, and 
developed a polynomial correlation which is applicable for 3/r V from 0.0 to 1.2. 
3.2. Hydrodynamic characteristics 
The performance of liquid-liquid systems depends, among various parameters, on the 
interfacial area (a) which can be calculated using two parameters: mean drop size and 
dispersed phase holdup.   
32
6 dxa
d
            (7) 
where xd and d32 represent the dispersed phase holdup and the Sauter-mean drop size which 
are defined, respectively, as: 
d
d
d c
V
x
V V


           (8) 
1 3
32 1 2
i
i in
i
i in
n d
d
n d





         (9)  
In Eq. (8), 
dV and cV represent the volume of the dispersed and continuous phases, 
respectively. In Eq. (9), ni is the number of drops with diameter di.  
In some cases, where ellipsoidal droplets were observed, the equivalent diameter of droplets 
(de) can be determined by  
23
1 2ed R R            (10) 
where an ellipsoidal droplet is characterized by its major axis (R1), and its minor axis (R2), 
representing the largest distance between two points on a droplet and the largest length of a 
line, at an angle of 90° to the major axis. 
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Another way to calculate the equivalent diameter de, is by determination of the corresponding 
surface area of an ellipsoidal droplet (Sellipsoidal).  According to [71]: 
2
2 1 12 1 ln
2 1
ellips Hoidal
e e
S d
e e

   
   
  
       (11) 
where 
2
2
2
1
1
R
e
R
   . 
The surface area ratio of an ellipsoidal droplet to a spherical droplet (Sspherical) of equal 
volume can be calculated as [72], 
 
  1/22/3 21/2
1/3 2
1 1
ln 1
2 2 1
ellipsoidal
spherical
S
S
     
  
     (12) 
where 
1 2/R R  . Then, the equivalent volume diameter de can be expressed as: 
spheri
e
calS
d

           (13) 
For droplet size distribution, various models have been proposed. The probability density for 
size distribution is defined as the ratio of number of drops with a specific diameter to the total 
number of drops. Different probability distribution functions have been developed which are: 
- Normal distribution [73]: 
 
2
1
exp
2 2
n
d
P d

 
  
   
   
        (14) 
- Log-normal distribution [73,74]: 
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 
2
1 1 ln
exp
22
n
d
P d
d

 
  
   
   
       (15) 
- Root-normal distribution [75]: 
 
2
1
exp 2
2
n
d
P d
d

 
  
        
       (16) 
- Gamma distribution [74]: 
 
 
 exp
Γ 1
nP d d d
 

 

        (17) 
- Weibull distribution [76]: 
   1expn i iP d d d             (18) 
Typically a non-linear regression analysis of the size distribution data is required to fit the 
theoretical distribution functions and to determine  and   parameters. 
The maximum entropy approach is another method which is recently developed in order to 
evaluate the droplet size distribution in extraction columns [77]. It was found that the 
maximum entropy method has better ability to predict the experimental data. Accordingly, 
the density function is given as,  
2 3
0 1 1 2 2( ) exp( ( ) ( ))n i iP d f d f d             (19) 
where λ0, λ1 and λ2 are the arbitrary Lagrange multipliers which have to be determined for a 
given size distribution data. f(di) is some function of state determined at state di. The Shannon 
entropy is given as, 
0
ln( )d( )S k P P d

            (20) 
  
19 
 
where k is the Boltzmann’s constant. The following constraints for drops size distribution can 
be defined: 
- Normalization 
0
d( )k kPf d F

           (21) 
- Partition of surface energy 
0
( )d( ) 1nP d d

            (22) 
- Conservation of mass 
3 3
30
0
( ) d( )nP d d d d

          (23)  
- Conservation of surface energy 
3
2 30
0
32
( ) d( )n
d
P d d d
d

          (24) 
In Eq. (21), fk and Fk are the functions representing a droplet property (i.e., momentum or 
mass) and its known mean value over all droplets. Based on maximizing the entropy function 
given by Eq. (20) subject to the above the above mentioned constraints, the Lagrange 
multipliers are determined and consequently the probability distribution of the droplet 
diameter is evaluated. 
For measurement of terminal velocity (Ut), Grace et al. [78] proposed the following equation: 
0.149
0.857c
t
c
J
U
d M


 
  
 
         (25) 
where the parameter J is given as 
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 
 
0.757
0.441
0.94 ,     2 59.3
3.42 ,     59.3      
J H H
J H H
   
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In which H can be expressed as 
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where μw represents the viscosity of water at     K.  he E tv s num er ( Eo ) and Morton 
number (M) are defined as, 
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3.3. Mass transfer characteristics 
The mass transfer coefficient of the continuous or dispersed phase is one the fundamental 
parameters in liquid–liquid extractor design. In general, the mass balance for a droplet can be 
expressed as: 
* 2 34( ) 4
3
od
dc
k C C r r
dt
             (30) 
where r is the droplet radius and kod denotes the overall mass transfer coefficient of the 
dispersed phase [79]. Rearrangement and integration of Eq. (30) gives: 
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      (31) 
where t is the residence time, C, C0, and C
*
 represent the solute concentration at a specified 
height, its concentration in the primary droplet, and its concentration in equilibrium with the 
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continuous phase, respectively. Assuming complete mixing of the continuous phase, the 
overall mass transfer can be determined by Eq. (32). 
 ln 1
6
od
d
k E
t
 
   
 
         (32) 
where 
0
*
0
C C
E
C C



 . 
Several models and correlations have been proposed in the literature for the calculation of the 
overall mass transfer coefficient of the dispersed phase. The majority of the proposed models 
calculate the time-dependent mass transfer rate, and can be categorized into three 
classifications: oscillating, circulating, and stagnant droplet models. 
3.3.1. Stagnant droplets 
For the stagnant droplet, Grober [80] developed Eq. (33) for conditions in which resistance 
exists in both the dispersed and continuous phases. 
2
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4
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       (33) 
Here, Bn and λn are a function of kcd/Dd. Assuming no bulk motion and no resistance within 
the continuous phase, Newman et al. [81] neglected the internal circulation inside the small 
droplets (i.e., stagnant spherical drops, with molecular diffusion being dominant). The mass 
transfer coefficient under these conditions is given as: 
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3.3.2. Circulating droplets 
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In liquid–liquid systems, a circulation force can be generated inside the droplet due to the 
viscous drag forces in the absence of any surfactants and when the interfacial tension is 
relatively low. Kronig and Brink [82] presented a model to calculate the mass transfer rate of 
the circulating droplet, with the assumption of laminar internal circulation and diffusion 
inside droplets. Their equation is applicable for Re ≤  0 and when the continuous phase 
resistance is negligible, and can be expressed as: 
2
21
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     
    
      (35) 
The parameters Bn and λn have been measured by Elzinga and Banchero [83]. 
Calderbank and Korchinski [84] proposed an approximation for Kronig and Brink’s equation, 
which can be written as: 
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        (36) 
The combination of Eq. (32) and Eq. (36) will lead to determination of kod. 
By considering the eddy diffusion between the internal toroidal streamlines and the turbulent 
internal circulation of droplets, Handlos and Baron [85] developed a new equation for the 
overall mass transfer coefficient (Eq. (37)). In their model, the dominant mass transfer 
mechanisms are bulk motion and molecular diffusion.  For Re ≥  0 and when the continuous 
phase resistance is negligible, they found that 
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where 
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Subsequently, in 1966, Olander [86] proposed an approximation for Handlos and Baron’s 
equation, which can be written as: 
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       (38) 
Here the use of Eq. (32) and Eq. (38) will lead to the determination of kod. 
In addition to these theoretical models, many researchers have derived new empirical 
correlations, most of which are limited to a specific type of extraction column or specific 
flow regime conditions. However, in 1999 Kumar and Hartland [87] developed a unified 
correlation with wide application to different extraction columns to predict the local mass 
transfer coefficient of the dispersed phase kd as below.  
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     (39) 
Their correlation is applicable for both oscillating and circulating drops, and can be applied to 
a range of different chemical systems. The overall mass transfer resistance can be determined 
from the local mass transfer resistance in each phase.  That is, according to the Whitman two-
film theory, 
1 1
od d c
m
k k k
            (40) 
where m is the slope of the equilibrium curve when the solute concentration in 
the dispersed phase is plotted versus the solute concentration in the continuous phase.  
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Most of the proposed correlations in the literature are based on the equation presented by 
Newman, but incorporate a modified molecular diffusivity (
dD ) in order to consider the 
role of internal circulation of droplets, which is called effective diffusivity. Here,   is the 
enhancement factor [88,89]. When nanoparticles are present, the effect of the Brownian 
motion of the nanoparticles and internal circulation must be included in the enhancement 
factor for modified molecular diffusivity.  
Based on the analogy between heat and mass transfer, the Reynolds number (Re), effective 
Prandtl number (Pr), and Schmidt number (Sc) of a nanoparticle can be expressed as [90]: 
181
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p p B
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nf nf p
U d K T
d   
          (41) 
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nf
nf
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D

            (43) 
where 
nf  is the kinematic viscosity (momentum diffusivity) of the nanofluid, nf  represents 
the thermal diffusivity of the nanofluid, and Dnf is the mass diffusivity. The definition of Re 
in Eq. (41) uses the root-mean-square velocity of a Brownian particle ( 3p B pU K T m ), in 
which mp represents the mass of the nanoparticle, quantifying the contribution of the 
Brownian motion of nanoparticles to increase the convective transport.  
The replacement of the Prandtl number and the Nusselt number with the Schmidt number and 
the Sherwood number, respectively, is believed to allow the conversion of the heat transfer 
equations to the mass transfer equations, based on the analogous functional relationship 
between concentration and temperature in the differential equations of these transport 
phenomena [91]. 
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4. Effect of nanoparticles on droplets behavior 
The droplet characteristics influence nearly all the relevant parameters that affect 
hydrodynamics as well as mass transfer in extraction columns. Mean drop size is a crucial 
parameter that affects the residence time of the dispersed phase, the velocity of the rising 
drops, and the holdup and maximum volumetric capacity of an extraction process [92].  
Various liquid–liquid extraction apparatuses, such as columns, mixer-settlers, and centrifugal 
extractors, have been developed to meet the requirements of various processes. 
Ashrafmansouri and Nasr Esfahany [93] investigated the hydrodynamic behavior of a spray 
extraction column in the presence of SiO2 nanoparticles and in the absence of pulsation or 
agitation. They found that the diameter of droplets decreased slightly with increased 
nanoparticle concentration. They suggested that the shape and size of the droplets depended 
only on the physical properties of the chemical system, as mentioned in [94], and that the 
nanoparticles did not significantly change the physical properties of the chemical systems. In 
another study, the same authors [58] studied the effect of the direction of mass transfer (from 
or into) a SiO2/toluene nanofluid dispersed in water and acetic acid in a spray extraction 
column. Similar to their previous study [93], the presence of different nanoparticles did not 
produce any noticeable variation in the mean drop size. Moreover, the drop size was greater 
for mass transfer from the dispersed to continuous phase than the reverse direction. In fact, 
when mass transfer occurred from the dispersed to the continuous phase, the concentration of 
the solute in the surrounding continuous liquid was higher than that in the draining film 
between two approaching drops. However, for the reverse direction, the relative 
concentrations of the continuous liquid and the draining film would be reversed. Thus, the 
resulting interfacial tension gradients in the latter case would hinder drop drainage and 
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prevent drop collision, while having the opposite effects in the former case. Therefore, the 
former direction results in larger droplets [95].  
4.1. Pulsed columns 
Pulsed extraction columns are a type of contactors that require external energy input in the 
form of pulsation of the counter-current flow of the liquid phases. In fact, pulsed columns 
have an obvious advantage over other mechanical contactors, since the pulsing unit can be 
remote from the columns [96,97]. Schematics of experimental setups to investigate the 
performance of various pulsed extraction columns, including sieve plate, packed, and discs 
and doughnuts extraction columns, are provided in Fig. 3. The absence of moving mechanical 
devices in pulsed columns provides considerable savings on repair and servicing costs [98]. 
In the absence of pulsation, interfacial tension and buoyancy are the main causes for drop 
breakup [95,99], while in the presence of pulsation, a smaller droplet size is formed. The 
droplet size distribution is also less broad in presence of high intensity pulsation as a 
consequence of the increased collisions between the drops and the internal plates and wall, 
which cause a higher breakage rate [100]. Several studies of the effects of nanoparticles on 
droplet behavior in this type of extraction columns, including in horizontal and vertical 
pulsed sieve-plate columns, have been reported in the literature. 
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Figure 3. Schematic of an experimental setup used to investigate the performance of pulsed 
(a) sieve-plate, (b) packed, and (c) discs and doughnuts extraction columns. 
 
Bahmanyar et al. [101] were the first to study the effect of nanoparticles on the hydrodynamic 
behavior of a solvent extraction column. In particular, they reported the effect of a dispersion 
of SiO2 nanoparticles in kerosene on hydrodynamic characteristics in a pulsed sieve-plate 
extraction column. They studied different nanoparticle volume fractions (ϕ) and nanoparticles 
with two different hydrophobicities. The stability of the nanofluids was studied using a UV–
vis spectrophotometer. They found that ellipsoidal droplets can potentially form at zero or 
low nanoparticle concentration, while increasing the nanoparticle concentration results in the 
formation of more spherical droplets [101]. They found that the sphericity of the droplets 
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(defined as the ratio of the length of minor axis to that of the major axis) in the 3
rd
 stage of 
the column at a pulsation intensity of 1.3 cm/s and mass flux ratio of 1.2 was 0.82 in the 
presence of 0.01 vol.% of nanoparticles, whereas it reached 0.99 in the presence of 0.1 vol.%. 
This behavior was similar to that previously observed using bubble columns in the presence 
of nanoparticles [102]. The increased sphericity of the droplets was attributed to the elevated 
interfacial tension in the presence of the nanoparticles [103], indicating the existence of a 
direct relationship between the nanoparticle content and the droplet sphericity and interfacial 
tension.  
In 2012, Khoobi et al. [104] investigated the influence of adding amorphous fumed 
hydrophobic (H18) and highly hydrophobic (H20) SiO2 nanoparticles on the mean droplet 
size and droplet size distribution along the same column. Using the photographic technique to 
measure drop size, they observed a slight decrease in the sphericity of the droplets and the 
formation of ellipsoidal drops for the H20 nanoparticles (R2/R1 [ratio of minor axis to major 
axis] values of 0.82 and 0.83 for droplets in a nanofluid containing 0.01 vol.% H18 or H20 
SiO2 nanoparticles, respectively). However, the sphericity significantly increased, and a much 
larger number of spherical droplets (R2/R1 = 0.99) were formed when the nanoparticle 
concentration was increased to 0.1 vol.%, as can be seen in Fig. 4. Their results also indicated 
that the presence of nanoparticles significantly affects droplet breakage and coalescence in 
the column. Moreover, when the hydrophobicity of nanoparticles was increased, a slight 
reduction in mean droplet size was observed [104].  
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Figure 4. Sphericity of drops at different nanoparticle contents in a pulsed plate extraction 
column [104]: (W-AA-K, 0.0 vol.%; W-NF1, 0.01 vol.%; W-NF2, 0.05 vol.%; W-NF3, 0.1 
vol.%).  
 
In 2017, Amani et al. [77] studied the influence of different concentrations of ZnO 
nanoparticles in the dispersed phase (toluene and butyl acetate) on the mean drop size and 
drop size distribution in a horizontal pulsed semi-industrial sieve-plate extraction column for 
toluene–acetone–water and butyl acetate–acetone–water systems. ZnO nanoparticles were 
chosen for this study because they had previously been proven to provide greater 
enhancement of mass transfer than other nanoparticles, including TiO2 and CNT [105]. The 
authors observed that the addition of nanoparticles resulted in smaller droplets. Moreover, the 
density of the smaller droplets was increased, resulting in more a homogeneous drop size 
distribution, as seen in Fig. 5. Their results revealed that the mean drop size was inversely 
proportional to the pulsation intensity, due to the intense collision of the organic phase 
droplets with the internal surfaces under higher turbulence energy input and elevated Laplace 
pressure, resulting in the net drop breakage outweighing drop coalescence.  Similar results 
were also reported by Desnoyer et al. [106]. 
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Figure 5. Influence of different concentrations of ZnO nanoparticles on drop size distribution. 
(A) 0.001 wt%, (B) 0.003 wt% [77]. 
 
Furthermore, the addition of nanoparticles resulted in a less strongly decreasing trend of drop 
size versus pulsation intensity. The authors proposed a new correlation for the prediction of 
mean drop size in terms of the operational parameters, physical properties, and nanoparticle 
concentration. Furthermore, the maximum entropy principle was found to be an appropriate 
method for modeling the drop size distribution in pulsed plate columns [77]. 
The hydrodynamic performance of a pulsed packed column was studied by Moghadam et al. 
[107], who investigated the drop size variation versus pulsation intensity in this class of 
extraction columns in the presence of different amounts of SiO2 nanoparticles. They found 
that increasing pulsation intensity significantly decreases the mass transfer in both the 
absence and presence of nanoparticles. Moreover, it was observed that the addition of 0.01 
vol.% of nanoparticles increased the drop diameter, due to the increase in interfacial tension 
forces caused by the hydrophobic nanoparticles, while further increasing the nanoparticle 
content up to 0.1 vol.% resulted in smaller droplets. The formation of smaller droplets in the 
presence of nanoparticles was attributed to the Brownian motion of the nanoparticles. 
Accordingly, the presence of nanoparticles increases the internal mixing inside the droplets, 
which has a destructive influence on the stability of the droplets. Thus, this destructive 
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influence would dominate the stabilizing influence of the interfacial tension force and lead to 
a higher breakage rate and the formation of smaller droplets [107].  
4.2. Contactors with mechanical agitation 
Another class of solvent extractors consists of liquid–liquid contactors with mechanical 
agitation, such as mixer-settler and rotary disc contactors and Scheibel columns, which have 
been investigated by a number of researchers. Schematics of experimental setups to 
investigate the performance of agitated extraction columns, including rotary disc, Karr, 
Oldshue-Rushton, Kuhni, and Scheibel contactors, is given in Fig. 6. The parameters studied 
include droplet characteristics such as mean drop size, drop size distribution, breakage 
probability, and first critical rotor speed, which are important in the design of contactors.  
 
Figure 6. Schematics of agitated extraction apparatuses: (a) rotary disc, (b) Karr, (c) Oldshue-
Rushton, (d) Kuhni, and (e) Scheibel contactors. 
 
Rotary disc contactors have attracted significant attention for liquid–liquid extractions due to 
their low driving power, high throughput, and high efficiency per unit height [108]. Molavi et 
al. [109] studied droplet breakage in a rotary disc contactor in the presence of nanoparticles. 
They dispersed SiO2 nanoparticles with two different degrees of hydrophobicity in the 
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dispersed phase (butyl acetate). UV-Vis spectrophotometry, particle size analysis, and the 
conventional sedimentation method were implemented to evaluate the stability of the 
nanofluids. At low nanoparticle content, the onset of droplet breakage was found to occur at a 
lower rotor speed. The authors attributed this phenomenon to the Brownian motion of 
nanoparticles inside each droplet, which increased internal mixing and facilitated breakage. 
On the other hand, they reported increasing the nanoparticle content caused increased 
interfacial tension, which consequently predominated over the increased circulation inside the 
droplets due to the Brownian motion of nanoparticles, resulting in a decrease in the breakage 
probability and an increase in the first critical rotor speed. In terms of the hydrophobicity of 
the nanoparticles, they demonstrated that drop breakage increases when nanoparticles with 
greater hydrophobicity are added, due to increased mixing in the drops caused by Brownian 
movement [109]. 
Mixer–settlers are a widely used class of liquid–liquid contactors due to their reliable scale 
up, low maintenance, high stage efficiency, and operational flexibility and simplicity 
[110,111]. Raji-Asadabadi et al. [112] studied the effect of SiO2 nanoparticles on droplet size 
in a horizontal mixer–settler, and found that the addition of nanoparticles reduced the size of 
droplets. They attributed this effect to the reduced droplet coalescence due to the presence of 
SiO2 nanoparticles. Specifically, nanoparticles can be absorbed at the interface between two 
immiscible fluids and consequently prevent the coalescence of the dispersed droplets by 
forming a 3D network or steric hindrance between drops [113,114]. The highest attainable 
reduction in mean drop size was found to be approximately 21%. The reduction in drop sizes 
also decreased with further increases in the nanoparticle content. Similar results have also 
been reported by Aveyard et al. [114], Khakpay et al. [115], Skelland and Slaymaker [116], 
and Tcholakova et al. [117] in liquid–liquid systems. These authors also found that the 
presence of nanoparticles decreased the increasing effect of feed holdup and the decreasing 
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effect of agitation speed on the mean drop size [112]. In another study, Davoodi-Nasab et al. 
[118] investigated the effect of SiO2 nanoparticles and cetyl trimethyl ammonium bromide 
(CTAB) on the mean drop diameter in the same mixer–settler extractor used in the work of 
Raji-Asadabadi et al. [112]. They showed that a reduction of approximately 52% in mean 
drop size was achieved by using 0.005 wt.% nanoparticles and 0.007 wt.% CTAB, compared 
to the using only 0.005 wt.% nanoparticles. They also proposed new correlations for the 
prediction of the mean drop size.  
Another type of liquid–liquid contactor is the Scheibel column, which contains a sequence of 
blades and settling zones [119]. In such columns, the packed sections act as settlers in which 
coalescence of the drops takes place, and the blades act as mixers to induce mass transfer 
[120]. Generally, the performance of Scheibel columns is high, although back-mixing may 
occur and their throughput is relatively low [121]. However, they are one of the best options 
when a high number of stages are required. Houshyar et al. [122] investigated the effect of 
SiO2 nanoparticles on the mean drop size and drop size distribution in solvent extractors in 
Scheibel columns. By dispersing different concentrations of nanoparticles (0.01, 0.03, and 
0.05 wt%) in a toluene–water system, they evaluated the effects of hydrodynamic parameters, 
including the velocities of the dispersed and continuous phases and the rotor speed. They 
reported that rotor speed had a stronger influence on the drop sizes than the other operating 
parameters. At lower concentrations of silica nanoparticles, the influence of the operating 
parameters (agitation speed and the flow rates of both phases) was much more significant, 
while with further increase in nanoparticle concentration, their influence was reduced. The 
log-normal probability distribution function for the droplet size was found to provide the 
most accurate prediction [122].  
All previous investigations have considered the effects of operating parameters including 
energy input (pulsation intensity or rotor speed) and the flow rates of the phases on the 
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hydrodynamic and mass transfer performance of extraction columns. However, the operating 
temperature has also been demonstrated to strongly affect the characteristics and physical 
properties of nanofluids [123]. A few investigations of the effect of temperature on the 
performance of an extraction column have been conducted. Such studies have shown that 
increasing the temperature from 15 to 40 °C can significantly increase the mass transfer 
performance of extraction columns [124,125]. In another study, Saien and Zardoshti [126] 
investigated the influence of temperature on mean drop size in a single drop extraction 
column in the presence of Fe3O4 nanoparticles. They found that increasing the temperature 
gradually decreased the mean drop size due to the reduction of interfacial tension. However, 
the addition of nanoparticles did not noticeably increase or decrease the effect of temperature, 
since the effect of the presence of nanoparticles on interfacial tension is insignificant.  
Recent experimental studies on the behavior of nanofluids focusing on the characteristics of 
the drops of the dispersed phase in liquid–liquid extraction columns are listed in Table 1. In 
this table, the types of nanoparticles, and their size and concentration ranges in each study are 
presented, along with the maximum reduction in the mean drop size. Moreover, a number of 
investigations have proposed new correlations for the prediction of mean drop size in the 
presence of nanoparticles.  
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Table 1. Experimental studies on variation of mean drop size in liquid-liquid extraction columns in presence of nanoparticles 
Researcher Year Nanofluid Particle 
size 
(nm) 
Particle 
concentration 
Experimental 
setup 
Maximum 
variation 
in mean 
drop size 
Proposed equations Remarks 
Bahmanyar et 
al. [101] 
2011 SiO2-
kerosene 
5-30 0.01-0.1 vol.% Pulsed plate 
extraction 
column 
- - - Focuses on sphericity of droplets in presence of 
different concentrations of nanoparticles.  
Molavi et al. 
[109] 
2012 SiO2- 
butyl 
acetate 
5–30 0.01-0.2 vol.% Rotary disc 
contactor 
- - - Presents effect of different amount of nanoparticles 
with different hydrophobicities.  
- Presents breakage probability and the first critical 
rotor speed which are highly important for designing 
the rotary disc contactors.  
Khoobi et al. 
[104] 
2013 SiO2-
kerosene 
5-30 0.01-0.1 vol.% Pulsed plate 
extraction 
column 
-12% The correlation of Kagan et al. [127] is fitted with their 
experimental data as (average deviation = 14%): 
0.5 0.1 0.6 0.4 0.3 0.3
32 0.92 c cd g A f  
      
The correlation of Sreenivasulu et al. [128] is fitted with 
their experimental data as (average deviation = 17%): 
0.4 0.4 0.8 0.48 0.26 0.34
32 ( )c id C Af F d H 
    
where C =0.08 for no mass transfer and C =0.1 for d→c. 
Fi represents the fractional free area of the plate.  
- Eexhibits variation of mean drop size, sphericity of 
droplets and drop size distributions in presence of 
different amount of nanoparticles with different 
hydrophobicities.   
- Correlations do not consider the concentration and 
type of nanoparticles and consequently are not 
acceptable for predicting mean drop size in 
extractors containing nanoparticles.  
Raji-Asadabadi 
et al. [112] 
2013 SiO2-
toluene 
12 0.005-0.05 
wt.% 
Horizontal 
mixer–settler 
-21% 
  
2.115 0.5432 0.054 1 0.824 1
d
We
D
 
      
The above correlation is modified  according to the 
Hinze–Kolmogorov’s theory results as: 
  
1.994 0.632 0.055 1 0.862 1
d
We
D
 
     
- Correlations do not consider effects of geometric 
parameters, type of used impeller, and size and type 
of nanoparticles which can highly affect 
hydrodynamic of the extractor.  
- For other chemical systems, containing other type 
of nanoparticles and in mixer-settlers with different 
geometries, the parameters of their correlation have 
to be fitted with the experimental data to achieve an 
accurate prediction.  
Davoodi-Nasab 
et al. [118] 
2013 SiO2-
CTAB-
toluene 
12 0.005 wt.% Horizontal 
mixer–settler 
-52% For system containing SiO2 nanoparticles: 
  0.632 0.0533 1 0.85
d
We
D
    
For system containing SiO2 nanoparticles and CTAB: 
- Correlations do not consider effects of geometric 
parameters, type of used impeller, and concentration, 
size and type of nanoparticles which can highly 
affect hydrodynamic of the extractor.  
- Correlations are proposed for a fixed amount of 
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  
2.115
0.688 0.59432 0.0483 1 1.173 1 s
d
We
D
 

    
The above correlation is modified according to the Hinze–
Kolmogorov’s theory results as: 
  
2.115
0.659 0.632 0.0485 1 1.179 1 s
d
We
D
 

    
where 
s  is surfactant weight fraction.  
SiO2 (0.005 wt.%). Therefore, they cannot be applied 
for other concentrations. 
 
Nematbakhsh 
and Rahbar 
Kelishami 
[129] 
2015 SiO2- 
toluene 
10 
30 
80 
0.01-0.1 vol.% 
0.01-0.1 vol.% 
0.01-0.1 vol.% 
Randomly 
packed 
extraction 
column 
- - - Presents variation of men drop size in presence of 
different amount of nanoparticles with different 
sizes.  
Saien and 
Zardoshti [126] 
2015 Fe3O4- 
toluene 
12 0.0005-0.005 
wt.% 
Single drop 
extraction 
column 
- - - Gives insights into effect of temperature on mean 
drop size in presence of nanoparticles.  
Ashrafmansouri 
and Nasr 
Esfahany [93] 
2015 SiO2- 
toluene 
14 0.0005-0.01 
vol.% 
Spray extraction 
column 
-5% - - Presents effect of different distributors on mean 
drop size in presence of different amount of 
nanoparticles.  
Ashrafmansouri 
and Nasr 
Esfahany [58] 
2016 SiO2- 
toluene 
14 0.0005-0.01 
vol.% 
Spray extraction 
column 
-4% The correlation of Kumar and Hartland et al. [95] is fitted 
with their experimental data as (average deviation = 6.91-
11.51%): 
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where Vh, and dh represent the distributor velocity and the 
hole diameter of the distributor. Cv=1 for c→d and 
Cv=1.06 for d→c mass transfer.  
- Presents variation of mean drop size at two mass-
transfer directions in presence of different amounts 
of nanoparticles.  
- Correlation does not take into account the amount 
of nanoparticles.  
Amani et al. 
[77] 
2017 ZnO-
toluene 
ZnO- 
butyl 
acetate 
10-30 0.001-0.01 
wt.% 
Horizontal 
pulsed plate 
extraction 
column 
-31% 
-24% 
For prediction of mean drop size: 
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For prediction of drop size distribution: 
- Provides information on variation of mean drop 
size and drop size distribution in presence of 
different amounts of nanoparticles.  
- Correlations take into account effects of physical 
properties of chemical systems and concentration of 
nanoparticles on mean drop size and drop size 
distribution. Thus, they may give acceptable 
prediction for other chemical systems containing 
different amount of nanoparticles in a horizontal 
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This correlation is proposed using the maximum entropy 
method and presents the Lagrange multipliers. The values 
of parameters C1 to C7 are presented in Ref. [77]. 
pulsed plate extraction column.  
Moghadam et 
al. [107] 
2017 SiO2- 
kerosene 
5-30 0.01-0.1 vol.% Pulsed regular 
packed column 
-  - - Presents effect of different concentrations of 
nanoparticles on mean drop size at different 
pulsation intensities. 
Houshyar et al. 
[122] 
2017 SiO2- 
toluene 
- 0.01-0.05 
wt.% 
Scheibel 
extraction 
column 
-24% For prediction of mean drop size in the absence of 
nanoparticles: 
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And in the presence of nanoparticles: 
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where D represents blade length (m) 
For prediction of drop size distribution: 
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The values of α and β are the fitted parameters in the 
logarithmic distribution function. 
- Provides information on variation of mean drop 
size and drop size distribution in presence of 
different amounts of nanoparticles.  
- Correlations take into account effects of physical 
properties of chemical systems and concentration of 
nanoparticles on mean drop size. Thus, they may 
give acceptable prediction for other chemical 
systems containing different amount of nanoparticles 
in a Scheibel column. 
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5. Effect of nanoparticles on dispersed phase holdup 
Dispersed phase holdup is one of the most important hydrodynamic properties of an 
extraction column [130]. Thus, investigation of dispersed phase holdup is crucial for the 
design and scale up of an extraction column [131–134], and for mass transfer performance 
[135–137]. Various investigations have been conducted to elucidate the effect of the addition 
of nanoparticles on the dispersed phase holdup in different extraction columns.  
Packed columns are a type of extractor that offer a high level of performance and provide a 
large interfacial contact area. Nematbakhsh and Rahbar Kelishami [138] investigated a 
randomly packed extraction column to study the impact of SiO2 nanoparticles on the 
dispersed phase holdup in this type of column. Both the static and dynamic holdups depended 
significantly on the nanoparticle content. The authors reported that adding nanoparticles 
resulted in higher dynamic and static holdups. However, when the nanoparticle concentration 
was further increased, the static holdup decreased while the dynamic holdup increased. The 
former trend was attributed to the elevated hydrophobicity of the droplets and the greater 
driving force for the drops to leave the aqueous phase with increased nanoparticle content. 
The latter trend was attributed to the longer residence time at greater concentrations due to 
the elevated density of the dispersed phase in the presence of a greater amount of 
nanoparticles. Additionally, increasing the particle size was found to decrease the static 
holdup and increase the dynamic holdup, similar to the influence of nanoparticle 
concentration. This was attributed to the limited Brownian motion of the larger nanoparticles, 
which increases their possible aggregation, thereby decreasing the diameter of the drops in 
the dispersed phase. Additionally, a new correlation was developed to determine the total 
holdup based on the nanoparticle size and concentration, mean drop size, and Reynolds 
number of the dispersed phase [138].  
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Ashrafmansouri and Nasr Esfahany [93] investigated the holdup variation in a spray column 
in the presence of SiO2 nanoparticles. They found that the holdup was almost constant for 
different concentrations of nanoparticles in a spray column due to the nearly constant contact 
time of the drops and the density of the toluene-based nanofluids. In another study, 
Ashrafmansouri and Nasr Esfahany [58] studied the effect of the direction of mass transfer 
(from or into) a SiO2/toluene nanofluid dispersed in water and acetic acid in a spray 
extraction column. Similar to their earlier study [93], the presence of various nanoparticles 
did not produce any noticeable variation in the holdup for either of the mass transfer 
directions. Additionally, the average holdup values when mass transfer occurred from the 
dispersed to the continuous phase were lower than those in the reverse direction, due to the 
slightly lower average slip velocity values. This can be attributed to the fact that when the 
drops are in the circulation regime, larger droplets have higher slip velocities. Therefore, 
smaller slip velocity values are expected when mass transfer occurs from the continuous to 
dispersed phase due to the formation of smaller droplets.  
5.1. Pulsed columns 
Bahmanyar et al. [101] added SiO2 nanoparticles in kerosene (dispersed phase) to a pulsed 
extraction column with 10 perforated stainless steel plates, and reported that the presence of 
nanoparticles increased the static and dynamic dispersed phase holdups (by about 20-400% 
and 20-260%, respectively) and enhanced the mass transfer performance by about 4-60%. 
The elevated static holdup was attributed to the greater coalescence of drops under the plates 
(see Fig. 7). The improvement of enhancement factor and static holdup by the addition of 
SiO2 nanoparticles was more noticeable at lower pulsation intensities. Although the presence 
of nanoparticles increased the coalescence of droplets, the intense turbulence at higher 
pulsation intensities increased drop breakage, and outweighed the impact of droplet 
coalescence caused by the presence of nanoparticles [101]. Furthermore, the hydrophobicity 
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of the nanoparticles was found to be directly proportional to the dispersed phase holdup. The 
authors mentioned that the higher hydrophobicity of the nanoparticles might be responsible 
for the tendency of the droplets to coalesce under the plates, resulting in a slight increase in 
the dynamic holdup [90]. Bahmanyar et al. [101] also reported that the dynamic holdup 
varied directly with the nanoparticle content. They attributed this phenomenon to the 
increased opportunity for droplet breakage associated with the elevated density of the 
dispersed phase in the presence of higher nanoparticle concentrations, which resulted in a 
longer residence time for the dispersed phase droplets. 
 
Figure 7. Extent of coalescence taking place underneath plate no. 3 in a pulsed plate 
extraction column (a) without nanoparticles and (b) with 0.1 vol.% HDK H18 [101].  
 
Ghafoori Roozbahani et al. [139] studied the variation of the static and dynamic holdup in a 
vertical pulsed sieve plate extraction column in the presence of hydrophobic SiO2 
nanoparticles with mass transfer from the continuous to the dispersed phase. They observed 
that the static and dynamic holdup were directly proportional to the nanoparticle content, 
except for when the flow rates were greater than 70 cc/min and the pulsation intensity was 
greater than 2.2 cm/s, in which case the static holdup decreased as a function of the 
nanoparticle content. They conjectured that the enhancement of the dynamic holdup was 
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related to the enhanced surface tension and viscosity of the fluid in the presence of 
nanoparticles, which led to the formation of larger droplets and consequently higher 
buoyancy forces. The slopes of the static and dynamic holdup decreased and increased at 
higher dispersed phase flow rates, respectively. This was due to the fact that Brownian 
motion and mixing of the phases inside the column increase as the dispersed phase flow rate 
is increased, resulting in higher buoyancy forces [139]. 
5.2. Contactors with mechanical agitation 
A few investigations have been conducted using contactors with mechanical agitation. 
Molavi et al. [140] focused on the static holdup in rotary disc contactors in the presence of 
nanoparticles. They dispersed SiO2 nanoparticles with different hydrophobicities (HDK H20 
and HDK H18) in two dispersed phases (butyl acetate and toluene). –OSi(CH3)2– groups 
were used to modify the surfaces of particles, and UV-vis spectrophotometry and 
sedimentation methods were employed to characterize the nanofluids. They reported that 
when the hydrophobicity was increased, the average static holdup increased [140]. Their 
results revealed that the interfacial tension of the water–organic chemical system increased 
with the addition of SiO2 nanoparticles, which was similar to previous observations in the 
work of Khoobi et al. [104]. They also showed that the sphericity of the droplets was an 
increasing function of nanoparticle content.  
Experimental works on the dispersed phase holdup of nanofluids in liquid–liquid extraction 
contactors are listed in Table 2. This table briefly presents the chemical systems, 
concentration range, and type of nanoparticles investigated in previous studies. Moreover, the 
maximum enhancements in the holdup values in each work are presented, along with the 
proposed correlations of the authors. A brief discussion on the applicability of the previously-
proposed correlations is also given. 
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Table 2. Experimental studies on variation of dispersed phase holdup in liquid-liquid extraction columns in presence of nanoparticles. 
Researcher Year Nanofluid Particle 
size 
(nm) 
Particle 
concentration 
Experimental 
setup 
Maximum 
enhancement 
in holdup 
Proposed correlations Remarks 
Bahmanyar et 
al. [101] 
2011 SiO2-
kerosene 
5-30 0.01-0.1 
vol.% 
Pulsed plate 
extraction 
column 
398% a and 
257% b 
- - Presents effect of concentration of nanoparticles 
and their hydrophobicity on dynamic and static 
holdup values.  
Ghafoori 
Roozbahani et 
al. [139] 
2014 SiO2-
kerosene 
5-30 0.05 vol.% Pulsed plate 
extraction 
column 
36% a and 
70% b 
 
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where C1, C2, and C3 are 1.58×10
-2, -1.031 and 0.715 for static 
holdup, 11.098, -0.146, and 0.926 for dynamic holdup, and 0.751, -
0.622, and 0.827 for total holdup, respectively. Fi is the fractional 
free area. 
- Presents effect of mass transfer direction on 
dynamic and static holdup for a fixed amount of 
SiO2.  
- Correlation does not consider effect of 
concentration of nanoparticles and cannot be 
applied for other concentrations.  
Molavi et al. 
[140] 
2014 SiO2- 
butyl 
acetate 
SiO2- 
toluene 
5-30 0.05-0.2 
vol.% 
0.05-0.2 
vol.% 
Rotary disc 
contactor 
65% a 
143% a 
In case of immovable rotors: 
1.85
10 0.4532
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For rotating discs: 
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where n   represents the number of stages in the column. 
 
- Examines effects of concentration and 
hydrophobicity of nanoparticles on average static 
holdup in a rotary disc contactor. 
- Correlations do not consider effect of 
concentration of nanoparticles. Thus, its 
prediction for other range of nanoparticle content 
may lead to the unacceptable prediction.  
- In correlations, the value of mean drop size 
(which itself is a dependent parameter) is required 
for determination of holdup at different 
conditions. It means that an experimental study is 
needed to be conducted to firstly measure mean 
drop size and then calculate holdup values.  
 
 
Nematbakhsh 
and Rahbar 
Kelishami 
[138] 
2015 SiO2- 
toluene 
10 
30 
80 
0.01-0.1 
vol.% 
0.01-0.1 
vol.% 
0.01-0.1 
vol.% 
Randomly 
packed 
extraction 
column 
17% a and 
25% b 
11% a and 
32% b 
10% a and 
77% b 
   
0.0031 0.190.34
320.0021Re 667.6 76.5d sx d N     
where Ns denotes the nanoparticle size and Reynolds number can be 
determined by, 
32Re d s
d
U d

   
- Presents variation of holdup in presence of 
different amounts of nanoparticles with different 
particle sizes. 
- An advantage of this correlation is taking into 
account effect of nanoparticles concentration and 
size. However, this correlation cannot be 
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employed for practical applications since some 
experimental data such as mean drop size and 
Reynolds number are required to predict total 
holdup. These values are dependent parameters 
and experiments are needed for measuring these 
parameters.  
Ashrafmansouri 
and Nasr 
Esfahany [93] 
2015 SiO2- 
toluene 
14 0.0005-0.01 
vol.% 
Spray 
extraction 
column 
- - - Presents effect of different distributors on 
dispersed phase holdup in presence of different 
amount of nanoparticles.  
- No significant variation in holdup observed with 
increasing nanoparticle contents within the range 
of 0-0.01 vol.%.  
Ashrafmansouri 
and Nasr 
Esfahany [58] 
2016 SiO2- 
toluene 
14 0.0005-0.01 
vol.% 
Spray 
extraction 
column 
- The correlation of Seibert and Fair [141] fitted their experimental 
data with the average deviation being 24.45% and  8.18% for d→c 
and c→d mass transfer, respectively. For this measurement, the 
values of slip velocity was needed which determined based on the 
single drop model of Grace et al. [78]. 
- Presents variation of mean drop size at two 
mass-transfer directions in presence of different 
amounts of nanoparticles.  
- No significant variation in holdup observed with 
increasing the concentration of nanoparticles. 
- Correlation does not take into account the 
amount of nanoparticles.  
a static holdup 
b dynamic holdup 
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6. Effect of nanoparticles on mass transfer 
Another fundamental parameter in the design of liquid–liquid extractors is the overall mass 
transfer of the dispersed or continuous phase. Various studies have been conducted to 
investigate the mass transfer coefficient values in different solvent extractors in the presence 
of various nanoparticles. Firstly, it should be noted that the performance of solvent extraction 
systems is much greater when mass transfer occurs from the dispersed to the continuous 
phase than under the inverse mass transfer conditions, due to the Marangoni effect [142]. 
Therefore, a majority of the studies in this field involve mass transfer in this direction. 
However, an investigation of the possible increased influence of nanoparticle addition on 
mass transfer from the continuous to the dispersed phase was conducted by Ghafoori 
Roozbahani et al. [139] in an extraction column. Based on the dynamic holdup values 
measured in their study, they found that the addition of nanoparticles did not significantly 
change the holdup, and consequently could not compensate for the reduction of the 
performance of the extraction column using this mass transfer direction.  
In the following sections, the articles are arranged into two categories: those that report the 
mass transfer performance of nanofluids in the absence of an external magnetic field, and 
those involving the presence of an external magnetic field. In each section, the discussion of 
the available studies on the use of nanoparticles to improve mass transfer in solvent extractors 
is organized according to the type of contactor. 
6.1. Non-magnetic nanoparticles 
Various types of extractors have been investigated by researchers to evaluate the use of 
nanoparticles to enhance mass transfer. In systems in which no magnetic field was applied, 
and in which mass was transferred from the dispersed to the continuous phase, the majority of 
investigations have involved the mass transfer performance of single drop extraction columns 
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in the presence of nanoparticles. This is because single drop columns are simple to study, and 
their performance can be accurately and easily controlled. 
Saien and Zardoshti [126] studied the influence of surface-modified Fe3O4 nanoparticles on 
the mass transfer and hydrodynamics of toluene/acetic acid/water at temperatures of 20–40 
°C and nanoparticle concentrations from 0.0005 wt% to 0.005 wt% dispersed in an aqueous 
continuous phase in a single drop extraction column. They showed that increasing the 
nanoparticle content initially increased the mass transfer rate, but caused a decrease in mass 
transfer at concentrations above a critical value. The maximum enhancement in the mass 
transfer was found to be about 184% at 0.002 wt% and 40 °C.  
Hasani Goodarzi and Nasr Esfahany [143] investigated the influence of hydrophilic SiO2 
nanoparticles in the continuous phase (water) on the mass transfer and  hydrodynamics of a 
single drop extraction. They reported that the maximum deterioration of 22% in mass transfer 
coefficient was observed at 0.1 vol.% nanoparticle concentration. According to their 
observations, the reduction in liquid–liquid contact area and the volume of mass transfer path, 
along with the increased viscosity and the steric hindrance of the nanoparticles at the 
interface, were responsible for the deterioration of mass transfer [143].  
Subsequently, Hatami et al. [144] studied the enhancement of the mass transfer behavior of a 
single drop extraction column using super hydrophobic TiO2 nanoparticles. Figure 8 shows 
the water contact angle of the TiO2 nanoparticles, indicating their superhydrophobic 
characteristics. The mass transfer rate was found to be directly proportional to the 
nanoparticle content up to 0.002 wt.%, and to decrease at greater nanoparticle concentrations. 
The improvement of mass transfer was more pronounced for larger droplets and lower solute 
concentrations. Additionally, the authors developed a new correlation based on the theoretical 
model of Newman [144].  
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Figure 8. Water contact angle of surface modified TiO2 nanoparticles [144]. 
 
A comparative study of the influence of Fe3O4 and Al2O3 nanoparticles on the mass transfer 
performance of a single drop extraction was conducted by Saien and Bamdadi [145]. The 
nanoparticles were dispersed in the dispersed phase (toluene) and acetic acid was transferred 
from the dispersed phase to the continuous phase (water). For ease of dispersion in toluene 
and to provide hydrophobic behavior, fatty acids were used to modify the synthesized 
nanoparticles. The authors found that the addition of Fe3O4 and Al2O3 nanoparticles enhanced 
the mass transfer rate up to 157% and 121% at ϕ = 0.002 wt%, respectively. While adding 
nanoparticles initially improved the mass transfer rate for ϕ < 0.002 wt%, a reduction in mass 
transfer occurred when the nanoparticle content was further increased; the rates even dropped 
below those of the initial no-nanoparticle conditions at ϕ ˃ 0.004 wt%. The authors attributed 
this phenomenon to particle aggregation due to the interpenetration layers and micro-
convection. Saien and Bamdadi [145] noted that fluctuations of small nanoparticles about a 
mean path are expected due to Brownian motion in a quiescent liquid. This leads to a 
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continuous variation in velocity and momentum transfer along the column, resulting in 
convective motion. They reported that rather than the Brownian motion of the nanoparticles, 
this micro-convection is the main cause of the increased mass transfer rate. Based on their 
results, Fig. 9 shows the variations of enhancement factor versus drop size for different Fe3O4 
and Al2O3 nanoparticle sizes (in the ratio 1/a, the parameter a represents the nanoparticle 
radius). Moreover, the velocity of the Fe3O4 nanoparticles was two times greater than that of 
the Al2O3 nanoparticles, and thereby a higher mass transfer rate was achieved for Fe3O4 
nanofluids. The mass transfer was found to improve with increasing drop diameter, because 
larger drops have a greater tendency for internal circulation compared to smaller ones. 
Additionally, the larger drops had less contact time along the column and, thus, higher mass 
transfer coefficients were obtained. Therefore, large drops had a higher terminal velocity and 
a consequently lower residence time, thereby increasing the overall mass transfer coefficients 
[145]. 
  
Figure 9. Interactive effect of drop size and the parameter 1/a on the enhancement factor in a 
single drop extraction column for (a) Fe3O4 and (b) Al2O3 nanoparticles [145]. 
 
Another comparative study was conducted by Mirzazadeh Ghanadi et al. [105] to investigate 
the impact of different nanoparticles including TiO2, ZnO, and CNT on the mass transfer 
performance in a single drop extraction column. The authors showed that the flow mode and 
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the nanoparticle type significantly affected the rate of mass transfer. Their results revealed 
that the mass transfer rate increased as a function of nanoparticle concentration in laminar 
flow, while the enhancement was smaller in turbulent flow due to eddy movement, which 
results in quicker surface renewal. According to their findings, the impact of the ZnO 
nanoparticles on mass transfer was greater than that of the CNT and TiO2 nanoparticles. 
However, the effect of the nanoparticles was reduced at higher concentrations [105]. At this 
point, it is worth mentioning that these results are highly beneficial to the development of 
smaller fluidic devices and to bringing the miniaturization process into the laminar flow 
domain, and consequently to achieving sample preparation and analysis based on the laminar 
flow domain and its unique diffusion-based characteristics [146].  
To investigate the superior performance of ZnO nanoparticles, Amde et al. [147] performed 
an experimental study of the effect of ZnO nanoparticles on the extraction of fungicides in a 
single drop liquid micro-extraction. They dispersed different amounts of nanoparticles in 1-
hexyl-3-methylimidazolium hexafluorophosphate ([HMIM][PF6]) to extract famoxadone, 
kresoxim-methyl, and chlorothalonil. They observed that the addition of nanoparticles 
enhanced the extraction efficiency up to a critical concentration, above which the extraction 
efficiency decreased with higher nanoparticle concentration. The maximum extraction 
efficiency of 96.11% was observed using 0.005 wt.% and 0.01 wt.% ZnO nanoparticles 
[147]. In another investigation, Ugwekar and Lakhawat [148] studied the improvement of 
mass transfer in a single drop extraction column using ZnO nanoparticles. They reported that 
the mass transfer rate increased with the addition of nanoparticles up to 0.3 wt%, followed by 
a decrease with further nanoparticle addition. They added the nonionic surfactant Rokanol K7 
and observed that the addition of the surfactant significantly enhanced the mass transfer 
performance. They also developed a model to determine the mass transfer coefficient in 
liquid–liquid extraction columns [148].  
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Subsequently, Saien and Hasani [149] studied the effect of particle size on the hydrodynamic 
and mass transfer behavior of circulating single droplets. They considered three different 
nanoparticle diameter ranges: 11–14, 20–30, and 60–70 nm. Toluene–acetic acid–water was 
employed as the chemical system. The viscosity of the nanofluid was found to increase 
gradually with increasing nanoparticle concentration and size, while the interfacial tension 
remained almost constant. As can be seen in Fig. 10, the addition of smaller nanoparticles 
was more beneficial due to the resulting lower nanofluid viscosity and higher intensity 
Brownian motion. Additionally, they attained an average mass transfer rate enhancement of 
51.8% by adding SiO2 nanoparticles. They reported that a quadratic equation of the Reynolds 
number of the drops could be used to reproduce the enhancement factor of the diffusivity 
coefficient. In addition, the Newman equation was found to accurately predict the effective 
diffusivity [149]. 
 
Figure 10. Effect of particle size on the mass transfer enhancement in a single drop 
extraction column [149]. 
 
Further investigations were conducted on other types of extractors, such as pulsed columns, 
packed columns, spray columns, and rotary disc columns, in which single drop measurements 
are not applicable due to the interactions between the adjacent drops. In order to investigate 
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the influence of nanoparticles on the performance of pulsed columns, Bahmanyar et al. [101] 
found that dispersing 0.01, 0.05, and 0.1 vol.% SiO2 nanoparticles in the dispersed phase 
(toluene–water system) enhanced mass transfer by approximately 4-21%, 5-47%, and 5-60% 
in a pulsed plate extraction column, due to the Brownian motion of the nanoparticles. 
However, they also found that in the absence of nanoparticles the enhancement factor 
gradually improved with higher pulsation intensities, while in the presence of nanoparticles it 
reached a maximum and subsequently decreased as the pulsation intensity was increased. The 
addition of nanoparticles became detrimental at higher pulsation intensities because the more 
turbulent environment led to the formation of smaller droplets (behaving as rigid spheres). 
Consequently, molecular diffusion became the governing mechanism of mass transfer, and 
the presence of the nanoparticles enhanced the rigidification of the small drops [101].  
Subsequently, Bahmanyar et al. [150] experimentally and theoretically studied the effect of 
SiO2 nanoparticles on the mass transfer characteristics of a pulsed plate extraction column 
using kerosene–acetic acid–water. They reported that the addition of 0.1 vol.% SiO2 
nanoparticles to the organic phase improved the mass transfer rate by up to 60%. Increasing 
the nanoparticle concentration further improved the mass transfer, especially at lower 
pulsation intensity. The improved mass transfer was attributed to the enhanced Brownian 
motion of the nanoparticles in smaller droplets at lower pulsation intensity. They also 
proposed a methodology to evaluate the mass diffusion coefficient using an analogy to heat 
and mass transfer. The developed correlation was a function of the Schmidt number, 
Reynolds number, and the nanoparticle volume fraction [150]. 
Packed columns have also gained attention in this field. An investigation of the performance 
of such columns without pulsation was conducted by Nematbakhsh and Rahbar Kelishami 
[129]. The authors investigated the mass transfer enhancement by adding SiO2 nanoparticles 
to a randomly packed extraction column, and found that the improvement of the mass transfer 
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rate in the presence of nanoparticles was more pronounced for smaller nanoparticles. 
However, the mass transfer improvement peaked at a certain nanoparticle concentration, 
which depended on the size of nanoparticles. Smaller nanoparticles exhibited maximum 
enhancement of mass transportation at lower volume fractions. The highest mass transfer 
improvement of 42% was achieved using 0.05 vol.% nanoparticles with a size of 10 nm 
[129]. Similar results have been also observed in investigations of thermal performance. For 
instance, Sonawane et al. [151] investigated the thermal conductivity of Al2O3 nanofluids 
with different particle sizes. They reported that the thermal conductivity was enhanced in the 
presence of nanoparticles and increased with increasing nanoparticle concentration, but 
decreased with increasing nanoparticle size due to the greater increase in viscosity resulting 
from the addition of larger particles. Thus, the viscosity of nanofluid can be considered an 
important parameter that can strongly affect the mass and heat transfer performances of the 
nanofluids.  
Subsequently, Moghadam et al. [107] investigated the performance of packed columns under 
pulsing conditions, and studied the effect of SiO2 nanoparticles on mass transfer in a pulsed 
regular packed column. They analyzed their results using basic mass transfer coefficient 
equations, including the Handlos–Baron, Kronig–Brink, and Newman equations. They 
observed that there was a direct relationship between the nanoparticle content and mass 
transfer rate, while the effect of nanoparticle concentration became insignificant at pulsation 
intensities of more than 1.5 cm/s. 
Spray extraction columns are another type of extractors in which the feasibility of using 
nanoparticles for mass transfer improvement for liquid–liquid extraction has been 
investigated. Ashrafmansouri and Nasr Esfahany [93] investigated the hydrodynamic and 
mass transfer behavior of a spray extraction column in the presence of SiO2 nanoparticles. 
They found that the effect of the SiO2 nanoparticles on hydrodynamics was insignificant, 
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while the highest improvement of 47% in the overall mass transfer coefficient was obtained 
at 0.001 vol.% nanoparticles. Initially, increasing the nanoparticle content enhanced the mass 
transfer rate, reaching a peak. Beyond this maximum, further increasing the nanoparticle 
content decreased the mass transfer rate. Induced, micro-convection, and Brownian motion of 
the nanoparticles were found to be dominant at low volume fractions leading to enhanced 
mass transfer rate, while the decrease in mass transfer in higher nanoparticle volume fractions 
was mainly due to aggregation and reduction in free volume of the nanoparticles [93].  
Rahbar Kelishami et al. [152] studied the influence of the type and concentration of 
nanoparticles on the mass transfer rate in a spray extraction column. They used ZrO2, TiO2, 
and SiO2 nanoparticles to evaluate the effect of the type of nanoparticle and 
hydrophobicity/hydrophilicity of the particles on the mass transfer performance. They also 
proposed a new correlation for Sherwood number. They reported that the addition of 
hydrophobic SiO2 nanoparticles decreased the mass transfer rate, while the addition of 
hydrophilic ZrO2 and TiO2 nanoparticles enhanced the mass transfer rate. The enhancement 
of mass transfer using TiO2 nanoparticles was much greater than that of the ZrO2 
nanoparticles. They attributed the decreased mass transfer using SiO2 nanoparticles to the 
opposite direction of the momentum and mass diffusivities [152]. 
Ashrafmansouri and Nasr Esfahany [58] studied the mass transfer rate from and into 
SiO2/toluene nanofluid dispersed in water and acetic acid in a spray extraction column. Their 
results revealed that the interfacial area, holdup, slip velocity, and drop sizes did not show a 
significant dependence on the nanoparticle content. However, they achieved maximum 
improvements of 107.5% and 47.4% in the overall mass transfer coefficients for mass 
transfer from the continuous to the dispersed phase, and vice versa, respectively, at a 
nanoparticle concentration of 0.001 vol.%. The relative maximum improvements in the 
extraction efficiency were 113.9% and 26.6%. The enhancement of mass transfer from the 
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dispersed to continuous phase was lower because of the higher dispersed phase resistance 
time due to the smaller drop diameter and lower internal turbulence inside the droplets. At 
higher nanoparticle contents (above a particular concentration), a decreasing trend was 
observed in the mass transfer rate. The authors attributed this phenomenon to the occurrence 
of particle aggregation at the higher concentrations [58].  
Rouina et al. [153] studied a rotary disc column to investigate its hydrodynamic and mass 
transfer characteristics in the presence of SiO2 nanoparticles. The authors showed that when 
the nanoparticle concentration was increased, the static holdup was increased. Moreover, the 
addition of 0.01–0.1 vol.% of nanoparticles enhanced the mass transfer rate by approximately 
6–45%. The enhancement produced by the nanoparticles was more profound at lower rotor 
speeds.  
In another study, Ashrafmansouri et al. [154] used a membrane based micro-contactor to 
perform an experimental study of the improvement of mass transfer in the contactor using 
SiO2 nanoparticles. The enhancement caused by the nanoparticles was more pronounced at 
lower flow rates. They reported that a mass transfer enhancement of greater than 30% could 
be achieved using 0.001 vol.% of nanoparticles. However, further increasing the nanoparticle 
content resulted in a decreased mass transfer rate. According to their results, the enhancement 
was due to the Brownian motion of the nanoparticles motion and the induced micro-
convection. In contrast, the decrease in mass transfer above 0.001 vol.% was attributed to the 
reduction in the free volume and nanoparticle aggregation at greater concentrations [154].   
Microchannels have also received remarkable attention in various fields of chemical 
processing, due to their easy portability, faster analysis time, lower reactant volumes, and 
high surface-to-volume ratios [155–157]. Rahimi et al. [4,158] investigated the mass transfer 
enhancement and mixing intensification in microchannels in the presence of Fe3O4 
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nanoparticles under ultrasound irradiation. They also compared their results with those 
obtained in a Y-type microchannel and in a micromixer with a circular pit at the junction 
(CPJ). The images of the flow regimes in both of these layouts are shown in Fig. 11. It was 
observed that at low velocity and without ultrasound, long slugs of the dispersed phase would 
form, changing to parallel flow with increasing velocity. However, under ultrasound, a 
bubble flow regime was observed at low velocity. The droplets were smaller compared to 
those observed under the same conditions without ultrasound, resulting in a greater mass 
transfer. Moreover, increasing the velocity increases the integration intensity of the phases. 
Figure 11 also shows that adding nanoparticles significantly increases the chaoticness of the 
flow, thereby improving the mass transfer. For instance, in Fig. 11 (h), the boundary between 
the phases is not recognizable, indicating the strong effect of the nanoparticles and ultrasonic 
waves at a high inlet flow rate. Furthermore, the results revealed that the addition of 
nanoparticles in combination with ultrasound irradiation resulted in an improvement of 251% 
in the mass transfer rate and 53% in the extraction efficiency. With respect to the variation of 
pressure drop, the maximum performance ratio of 1.56 was achieved under 7 W ultrasonic 
irradiation power using Fe3O4 nanoparticles [158,159]. 
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Figure 11. Different flow patterns in microchannels observed by Rahimi et al. [158]. Without 
nanoparticles: (a) flow rates of 1.875 mL/min and (b) 6 mL/min in Y-type microchannel, (c) flow 
rates of 1.875 mL/min and (d) 6 mL/min in CPJ micromixer with ultrasound; and with 0.01 wt.% 
nanoparticle: (e) flow rates of 1.875 mL/min and (f) 6 mL/min in Y-type microchannel, (g) flow 
rates of 1.875 mL/min and (h) 6 mL/min in CPJ micromixer with ultrasound. 
 
The experimental studies of the effect of nanoparticles on the mass transfer performance of 
liquid–liquid extraction contactors in the absence of a magnetic field are summarized in 
Table 3. This table briefly presents the chemical systems, concentration ranges, and types of 
nanoparticles studied in previous investigations. Additionally, the maximum enhancement in 
the mass transfer performance in each work is presented, along with the proposed correlations 
of the authors. A brief discussion of the applicability of the previously-proposed correlations 
is also provided. 
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Table 3. Experimental studies on mass transfer in presence of nanoparticles in liquid-liquid systems: (in absence of magnetic field). 
Researcher Year Nanofluid solute Particle 
size 
(nm) 
Particle 
concentration 
Experimental 
setup 
Maximum 
increase 
in mass 
transfer 
Proposed correlations Remarks 
Bahmanyar et 
al. [101] 
2011 SiO2-kerosene acetic 
acid 
5-30 0.01-0.1 vol.% Pulsed plate 
extraction 
column 
60% a - - Presents enhancement factor, mass transfer 
coefficient and interfacial area in presence 
of different amount of nanoparticles at 
different pulsation intensities.  
Saien and 
Bamdadi [145] 
2012 Fe3O4-toluene 
Al2O3-toluene 
acetic 
acid 
- 
5−150 
0.0005-0.005 
wt.% 
0.0005-0.005 
wt.% 
Single drop 
extraction 
column 
157% a 
121% a 
2 3
2
1 2 3 4 Re
p p p
l l l
C C C C
d d d
      
                      
  
where l represents the average distance of nanoparticles from 
each other and, 
1/3
4
2
3p
l
d


 
  
 
 
For Fe3O4, C1 = -2.335×10
-3, C2 = 1.473×10
-4, C3 = -
2.743×10-6, and C4 = 1.635×10
-8. 
for Al2O3, C1 = -4.917×10
-3, C2 = 3.931×10
-4, C3 = -
9.802×10-6, and C4 = 7.933×10
-8 for Al2O3. 
- Presents variation of mass transfer 
coefficient at different nanoparticle contents 
and different droplet sizes.  
- Due to the negligible continuous phase 
resistance, they assumed Kod ≈ kd. 
- Correlation is proposed based on the 
Newman model. 
- Correlation is applicable for circulating 
drops moving in an aqueous bulk phase in 
presence of Fe3O4 or Al2O3 nanoparticles. 
Mirzazadeh 
Ghanadi et al. 
[105] 
2014 ZnO-water 
TiO2-water 
CNT-water 
succinic 
acid 
< 100 
< 100 
< 100 
0.025-0.1 wt.% 
0.025-0.1 wt.% 
0.025-0.1 wt.% 
Single drop 
extraction 
column 
100% a 
40% a 
50% a 
- - Presents effect of different concentrations 
of different nanoparticles on absorption rate 
at different flow rates. 
Bahmanyar et 
al. [150] 
2014 SiO2-kerosene acetic 
acid 
5–30 0.01-0.1 vol.% Pulsed plate 
extraction 
column 
60% a 0.203 0.039 1.0641650 RedD Sc
   - Presents applicability of different models 
and equations for determination of mass 
transfer in presence of nanoparticles. 
- Correlation is based on the Newman 
model by means of a heat and mass transfer 
analogy.  
Nematbakhsh 
and Rahbar 
Kelishami 
[129] 
2015 SiO2-toluene acetic 
acid 
10 
30 
80 
0.01-0.1 vol.% 
0.01-0.1 vol.% 
0.01-0.1 vol.% 
Randomly 
packed 
extraction 
column 
42% a 
34% a 
27% a 
 
6 0.45 80.0038.9 10 Re 1.2 10
159.5
d
s
d
D
N
      

 
- Presents effects of concentration and size 
of nanoparticles on mass transfer 
performance. 
- Correlation is proposed based on the 
Newman model. 
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Rahbar 
Kelishami et al. 
[152] 
2015 SiO2- n-butyl 
acetate 
TiO2- n-butyl 
acetate 
ZrO2- n-butyl 
acetate 
acetic 
acid 
- 
 
 
0.01-0.1 vol.% Spray 
extraction 
column 
-53% a 
83% a 
12% a 
 
 
0.45
0.044
1.29 0.04 322 1.013Re 0.001ed d p
d
Sh Sc a
L

 
   
 
 
where e = -1 when the mass and momentum diffusivity have 
opposite directions and e = 1 when they have same 
directions. Moreover, ap represents the specific area of 
nanoparticle, m2/g. 
- Presents effects of concentration and size 
of nanoparticles on the mass transfer 
performance. 
- The idea of hydrophobicity/hydrophilicity 
concept is proposed which helps researchers 
to study the performance of different types 
of nanoparticles. This concept is reflected 
by parameter e in the correlation. 
Amde et al. 
[147] 
2015 ZnO- 
[HMIM][PF6] 
CLT 
KSM 
FMX 
- 0.005-1.0 wt.% Single drop 
liquid micro-
extraction 
76% b - - Presents the effect of concentration of 
nanoparticles on the extraction efficiency. 
 
Ashrafmansouri 
and Nasr 
Esfahany [93] 
2015 SiO2- toluene acetic 
acid 
14 0.0005-0.01 
vol.% 
Spray 
extraction 
column 
47% a - - Presents effect of nanoparticle 
concentration on mass transfer rate, 
extraction efficiency and interfacial area. 
- Due to the negligible continuous phase 
resistance, they assumed Kod ≈ kd. 
Saien and 
Zardoshti [126] 
2015 Fe3O4- 
toluene 
acetic 
acid 
12 0.0005-0.005 
wt.% 
Single drop 
extraction 
column 
184.1% a 32
11 Re
CCC Sc    
The parameters C1, C2 and C3 depends on the concentration 
of nanoparticles and have been presented in Ref. [126] for 
weight fractions of 0.0005-0.0050. 
- Presents variation of mass transfer 
coefficient at different nanoparticle contents 
and droplet sizes at different temperatures.  
- Correlation is proposed based on the 
Newman model. 
Ashrafmansouri 
and Nasr 
Esfahany [58] 
2016 SiO2- toluene acetic 
acid 
14 0.0005-0.01 
vol.% 
Spray 
extraction 
column 
107.5% a 
and 
47.4% b 
- - Presents variation of mass transfer rate and 
extraction efficiency under solute transfer in 
both directions in presence of different 
amounts of nanoparticles. 
Hasani 
Goodarzi and 
Nasr Esfahany 
[143] 
2016 SiO2- water acetic 
acid 
7-13 0.005-0.1 vol.% Single drop 
extraction 
column 
-22% a Their experimental data were in good agreement with the 
correlation of Kumar and Hartland [87] as follows: 
 
   
1.7 2/33 1/3
0.7 2/3
2 1/3
3.19 10 Re 1
17.7
11 1.43 10 Re
d d
d
c d cd
Sc
Sh
Sc

  


   
   
    
  
- Presents variation of mass transfer rate and 
Sherwood number in presence of different 
amounts of nanoparticles.  
- Mass transfer was decreased, indicating 
the deleterious impact of hydrophilic silica 
nanoparticles on the mass transfer. 
- Correlation does not take into account the 
effect of nanoparticles and may not lead to 
the accurate prediction at different 
concentrations of different nanoparticles.  
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Ugwekar and 
Lakhawat [148] 
2016 ZnO- toluene acetic 
acid 
48.8 0.1, 0.2, and 0.3 
vol.% 
Single drop 
extraction 
column 
85% a 1 322
0.9779
C CC
pc AB
AB AB
dK l DNl
D D l


       
      
      
 
where C1 = -0.4132, C2 = 0.8221 and C3 = 0.8558 for 0.1% 
ZnO, C1 = -0.4532, C2 = 0.8421 and C3 = 0.8756 for 0.2% 
ZnO, and C1 = -0.4762, C2 = 0.8652 and C3 = 0.8922 for 
0.3% ZnO nanoparticles. Moreover, DAB and l represent 
diffusivity and film thickness. 
- Presents variation of mass transfer rate in 
presence of nanoparticles and nonionic 
surfactants Rokanol K7.   
 
Ashrafmansouri 
et al. [154]  
2016 SiO2- toluene acetone 14 0.001 to 0.1 
vol.% 
Membrane-
based micro-
contactor 
31% a 0.43
0.78 1/33.83Re hd
d
Sh Sc
L
 
  
 
  
where dh and L represent the hydraulic channel diameter and 
channel length. 
- Presents variation of mass transfer rate and 
extraction efficiency in presence of different 
amounts of nanoparticles.   
- Correlation does not take into account 
effect of nanoparticles concentration. 
Rouina et al. 
[153] 
2016 SiO2- 
kerosene 
acetic 
acid 
3–50 0.01 to 0.1 
vol.% 
Rotary disc 
column 
45% a 0.3261 0.2219 0.85862906.537 RedD Sc
   - Correlation is based on the Newman 
model using heat and mass transfer analogy. 
Saien and 
Hasani [149] 
2017 SiO2- toluene acetic 
acid 
11–14 
20–30  
60–70 
0.0005-0.005 
wt.% 
Single drop 
extraction 
column 
78.7% a 5 21.023 10 Re 0.030Re 5.677     
for nanoparticle size of 11-14 nm 
5 23.008 10 Re 0.015Re 2.954      
for nanoparticle size of 20-30 nm 
4 22.104 10 Re 0.064Re 5.686     
for nanoparticle size of 60-70 nm 
- Presents variation of mass transfer rate of 
circulating single drops in presence of 
different amounts of nanoparticles with 
different sizes. 
- Correlations are based on the Newman 
model. 
Hatami et al. 
[144] 
2017 TiO2-toluene acetic 
acid 
25 0.001-0.005 
wt.% 
Single drop 
extraction 
column 
70% a 0.1130 17.6242
4.6708 105.5066 93.4255165.8985Re Re d dnf
c c
 

 
 
   
     
   
  
- Presents effect of super hydrophobic 
nanoparticles on mass transfer. 
- Correlation is based on Newman model. 
Rahimi et al. 
[158] 
2017 Fe3O4-
kerosene 
Cu (II) 25 0.01 wt.% Micromixer 251% b - - Presents influence of ultrasound irradiation 
and addition of nanoparticles to intensify 
the mass transfer and removal efficiency.  
Moghadam et 
al. [107] 
2017 SiO2- 
kerosene 
acetic 
acid 
5-30 0.01-0.1 vol.% Pulsed 
regular 
packed 
column 
39% a  49 10 ln Re 0.0033dD
      - Correlation is based on Newman model. 
a mass transfer direction of dispersed to continuous phase 
b mass transfer direction of continuous to dispersed phase 
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6.2. Magnetic nanoparticles under a magnetic field 
Based on the results discussed in the previous section, the presence of nanoparticles alone has 
been found to improve the mass transfer performance of liquid–liquid extractors. However, 
applying an external magnetic field to magnetic or electrically conducting nanoparticles can 
increase this effect, because the field presumably induces stronger micro-convection, and the 
particles can also be used as an innovative mixing agent [160–162]. Magnetic nanoparticles 
in organic or aqueous liquid provide ultra-stable colloidal suspensions. Also, under an 
external magnetic field, magnetic nanoparticles can act as an innovative mixing agent to 
retard or promote lateral mixing in fluid flows [163–165]. In fact, the motion of electrically 
conducting fluids due to an imposed magnetic field is the basis of various specialized 
engineering systems other than solvent extraction, such as magnetohydrodynamic (MHD) 
pumps, generators, bearings, tumor elimination with hyperthermia, gastric medications, oil 
recovery from underground reservoirs, sterilizing devices, cancer therapy, ink float 
separation, optical switches, and others. A schematic view of an electrically conducting 
nanofluid flowing between two parallel plates under an imposed magnetic field is depicted in 
Fig. 12. This figure illustrates the effect of the magnetic field and the induced motion of the 
nanoparticles inside drops. Application of a magnetic field increases the movement, chaotic 
migration, fluctuation, and dispersion of nanoparticles in the direction of the applied 
magnetic field, and consequently improves the mass transfer. The superparamagnetic 
characteristics of such nanoparticles have encouraged numerous researchers to evaluate the 
use of these particles for mass- or heat-transfer applications. In fact, enhanced heat and mass 
transfer in a medium are observed when nanoparticles are added to liquids, and their behavior 
is strongly affected by the nature and characteristics of the external magnetic field. 
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Figure 12. Magnetic nanoparticles in drops in the absence (a) and presence (b) of an applied 
magnetic field [166]. 
 
Recently, magnetic nanoparticles have gained significant attention due to their notable optical 
and electronic properties, as well as their magnetic properties and remarkable mass transfer 
applicability. Recently, many researchers have studied the liquid–liquid extraction 
performance of nanofluids in the presence of an applied magnetic field. Hajiani and Larachi 
[167] evaluated the influence of magnetic nanoparticles on axial dispersion in a dilute 
magnetic nanofluid flow in a mini tube under constant and rotating magnetic fields with 
different strengths and frequencies. They showed that the characteristics of the applied 
magnetic field played an important role in determining the particle-field interactions, 
although applying any type of magnetic field increased the bodily magnetic torque on the 
magnetic nanoparticles. 
Most studies evaluating the performance of liquid–liquid extraction contactors containing 
magnetic nanoparticles in the presence of a magnetic field have been conducted in a single 
drop extraction column. Saien et al. [166] studied the effect of oscillating magnetic fields 
(0.36–1.45 T) on mass transfer from single drops of a magnetite nanofluid in an extractor. 
They also evaluated the influence of the magnetic nanoparticle concentration on extraction 
performance under different magnetic field strengths. Increasing the intensity of the magnetic 
field led to an increase in the mass transfer rate due to Brownian motion and micro-
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convection, which increased the movement and collision of the particles, thereby increasing 
the heat and mass transport performance in the nanofluids. Additionally, they noted that the 
migration of the magnetic nanoparticles due to the Lorenz forces at greater magnetic field 
strengths led to lower mass resistance, better solute transport, and an increase in the overall 
mass transfer coefficients. According to their observations, an average and maximum 
enhancement of 65% and 121% were achieved. They attributed this enhancement to the 
induced micro-convection of the nanoparticles inside the droplets [166]. Vahedi et al. [57] 
investigated the mass transfer improvement in a single drop extractor containing magnetic 
nanoparticles under different magnetic field intensities and frequencies. They reported that 
increasing the magnetic nanoparticle concentration initially increased the mass transfer rate 
due to micro-convection, but the mass transfer rate began to decrease above a certain 
concentration due to the undesired agglomeration and aggregation of the magnetic 
nanoparticles. Increasing the magnetic field strength increased the mass transfer, whereas 
increasing the magnetic field frequency initially increased the mass transfer rate the improved 
momentum transfer caused by the Brownian motion, but then decreased due to the prevention 
of the nanoparticle movement inside the dispersed droplets at higher frequencies [57].  
Due to the large interfacial contact area of packed columns, there has been interest in 
evaluating their performance under a magnetic field. Recently, Amani et al. [168] 
investigated the effect of MnFe2O4 nanoparticles, due to the excellent magnetic properties of 
manganese ferrites [163,165,169], on the mass transfer performance of a packed extraction 
column in the presence of magnetic fields of different strengths. A quadrupole magnetic field 
(Fig. 13) was utilized due to its significant influence on the flow and heat and mass transfer 
of nanofluids [170–172]. A toluene–acetic acid–water system was used, in which mass 
transfer occurred from the dispersed phase (toluene) to the continuous phase (water). 
Different concentrations of nanoparticles were dispersed in toluene. The mass transfer of the 
  
 
62 
 
magnetic nanofluid was significantly enhanced under the influence of the magnetic field 
[168]. The overall mass transfer coefficients increased to a maximum value at a certain 
nanoparticle concentration, and then decreased with further increase in the nanoparticle 
content. Therefore, it was concluded that there is a limit to the mass transfer improvement 
based on the migration of nanoparticle under an alternating magnetic field. Increasing the 
frequency of magnetic field increased the mass transfer performance up to 300 Hz; further 
increasing the frequency (> 300 Hz) reduced the mass transfer. The decrease in mass transfer 
at higher frequencies was attributed to the fact that the magnetic nanoparticles could not 
perfectly track the changes in the orientation of the magnetic field, and consequently the 
higher frequencies would lead to reduced nanoparticle migration [168]. The greatest 
enhancements in the extraction fraction and mass transfer coefficients in the work of Amani 
et al. [168] were about 115% and 43%, respectively, and were obtained under an alternating 
magnetic field with a frequency of 300 Hz frequency and magnetic field strength of 0.05 T 
with a nanoparticle concentration of 0.003 wt%.  
 
Figure 13. Schematic of the quadrupole magnetic field applied to the column [168]. 
 
In order to increase the role of the external magnetic field as an innovative mixing device to 
enhance mass transfer between phases, some studies have utilized rotating magnetic fields. 
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Azimi et al. [173] applied static and rotating magnetic fields to a Y-type micromixer to 
investigate the breakage of the laminar flow and to evaluate the mass transfer rate. 0.002–
0.01 wt.% Fe3O4 nanoparticles were used, and an external magnetic field of 0.15 T was 
applied to determine the improvement of the extraction efficiency and the overall mass 
transfer coefficient. They also investigated the position of magnets (underneath or next to the 
mixing channel), and found that the latter position was more beneficial. The addition of 
nanoparticles and application of a magnetic field led to improvements of 36–69% in the mass 
transfer rate and 32–41% in the extraction efficiency [173]. Subsequently, Azimi and Rahimi 
[174] applied static and rotating magnetic fields to a T-type micromixer to investigate the 
breakage of the laminar flow and to evaluate the mass transfer rate. They compared the mass 
transfer performance and extraction efficiency obtained under static and rotating magnetic 
fields at different Reynolds numbers, and found that a rotating magnetic field had a stronger 
impact on the mass transfer rates. They also observed a direct relationship between the 
intensity of the applied magnetic field and the mass transfer rate. The highest mass transfer 
coefficient of 2.1 s
-1
 and extraction efficiency of 0.88 were obtained for 0.008-0.01 wt.% 
nanoparticles under a 76 mT magnetic field rotating at 16 rad/s [174].  
The experimental works concerning the application of magnetic nanoparticles for mass 
transfer enhancement in liquid–liquid systems under an applied magnetic field are 
summarized in Table 4. This table presents the chemical systems, concentration ranges, and 
types of magnetic nanoparticles, along with the characteristics of the applied magnetic fields 
used in previous investigations. Moreover, the maximum improvement in mass transfer 
performance in each work is presented, along with the proposed correlations of the authors. 
 
  
 
64 
 
Table 4. Experimental studies on mass transfer in presence of magnetic nanoparticles in liquid-liquid systems: (in present of magnetic field). 
Researcher Year nanofluid solute Particle 
size 
(nm) 
Particle 
content 
Magnetic field 
details 
Experimental 
setup 
Maximum 
increase in 
mass 
transfer 
Proposed equations Remarks 
Azimi et 
al. [173] 
2015 Fe3O4- n 
butanol 
succinic 
acid 
10.5 0.002-
0.01 
wt.% 
B = 0.15 T 
f = 0 Hz 
Y-type 
micromixer 
69% a - - Presents influence of constant magnetic field on 
mass transfer in presence of different amounts of 
nanoparticles.  
- Different flow patterns at various flow rates of 
both phases are visualized.  
Saien et al. 
[166] 
2015 Fe3O4- 
toluene 
acetic 
acid 
17 0.001–
0.005 
wt.% 
B = 0.36–1.45 
T 
f = 41 Hz 
Single drop 
extraction 
column 
121% a - - Presents influence of oscillating magnetic field 
on mass transfer.  
- The highest mass transfer improvement was 
achieved for the smallest drops. 
Vahedi et 
al. [57] 
2016 Fe3O4- 
toluene 
acetic 
acid 
28.8 0.001-
0.005 
wt.% 
B = 0.01–0.04 
T 
f = 0-500 Hz 
Single drop 
extraction 
column 
259% a 
 
4.62
0.390.48 3.332.08 22.51 Re
s
B
M
 
 
    
 
  
where   and Ms are the frequency of the 
signal applied to the air coil and magnetic 
saturation of particles. 
- Presents influence of oscillating magnetic field 
on mass transfer. 
- Using the Langevine relation, the authors have 
proposed a theoretical predication of 
magnetization response to external 
magnetic field. 
Azimi and 
Rahimi 
[174] 
2017 Fe3O4- n 
butanol 
succinic 
acid 
19 0.002-
0.01 
wt.% 
B = 0.03, 
0.048, and 
0.076 T 
R = 9, 16, and 
24 rad/s 
T-type 
micromixer 
- - - Presents influence of static and rotating magnetic 
fields. The rotating magnetic field was much 
beneficial than the static magnetic field to improve 
the mass transfer.  
Amani et 
al. [168]  
2017 MnFe2O4-
toluene 
acetic 
acid 
20 0.001-
0.005 
wt.% 
B = 0.01–0.05 
T 
f = 0-500 Hz 
Pulsed packed 
extraction 
column 
115% a - - Presents influence of quadrupole magnetic field. 
a mass transfer direction of dispersed to continuous phase 
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7. Future directions 
The keyword clustering method is a good method to analyze a research topic. In this method, 
the meaningful terms and keywords are extracted from published research and the most 
frequently repeated keywords are selected. Figure 14 shows the most frequent phrases and 
keywords from the research presented in this review. This analysis reveals that metal oxide 
nanoparticles such as SiO2, ZnO, and Fe3O4 have received significant attention, while very 
limited research has been conducted using organic nanoparticles such as CNTs. Interestingly, 
SiO2 nanoparticles have been employed in liquid–liquid extraction much more than other 
nanoparticles, and are one of most widely used materials in experimental studies on 
nanofluids due to their stability, low toxicity, and ability to be functionalized with a range of 
molecules and polymers. They have significant advantages and unique physical, chemical, 
and optical properties. They can be easily prepared as monodispersed spheres by the sol–gel 
method, their preparation cost is low, and they are easily dissolved in liquids. Silica 
nanoparticles are also widely used in oil and gas industry research; hence, more emphasis has 
been placed on them in order to show their versatility. Additionally, the majority of studies 
have been conducted on the performance of single drop extraction columns. However, it 
should be noted that the results of single drop measurements are not applicable to other types 
of extraction columns, because of the interactions between the adjacent drops. Therefore, 
further experimental and theoretical investigation must be conducted for other types of 
extraction columns, such as pulsed plate and packed columns, and for contactors with 
mechanical agitation, which are widely used in different industries. 
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Figure 14. Common phrases and keywords in studies using nanofluid for liquid–liquid 
extraction (drawn with http://www.wordle.net/). 
 
Furthermore, it should be noted that the use of nanoparticles for liquid–liquid extraction 
applications is a novel area, and only a limited number of experimental studies have been 
conducted in this area to date. In fact, computational fluid dynamics (CFD) investigations 
have only considered the hydrodynamic and mass transfer performance of various extractors 
by the population balance modelling framework [175–177], or by implementing the sectional 
quadrature method of moments (SQMOM) [178], the spatially mixed SQMOM (SM-
SQMOM) [179], the differential maximum entropy method (DMaxEntM) [180], the one 
primary and one secondary particle method (OPOSPM) [181], and the OPOS simulink 
method (OPOSSIM) [182] in the absence of nanoparticles. Therefore, we can also identify 
the lack of numerical investigations in which the presence of nanoparticles is considered as a 
direction for future work. 
 
8. Practical applications of nanoparticles 
Nanoparticles have wide applications in various industries. An interesting area which has 
recently attracted significant research attention is the use of nanoparticles to enhance the 
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performance of liquid–liquid extractions. As described in this review, many experimental 
investigations have been performed to examine the hydrodynamic behavior and mass transfer 
performance of different extractors in presence of nanoparticles. The majority of these studies 
described the beneficial role of nanoparticles in terms of various mechanisms, including 
Brownian diffusion, diffusiophoresis, liquid layering on the nanoparticle-liquid interface, and 
induced micro-convection. However, a few investigations indicated that the dispersion of 
nanoparticles may have detrimental impacts on the mass transfer performance of liquid–
liquid extraction columns. In most of these investigations, hydrophilic nanoparticles were 
used and the negative impact of nanoparticles was related to the hydrophilicity of the 
nanoadditives. However, a great deal of work still remains to be done in this field, especially 
from the numerical and theoretical point of view, to clarify the feasibility of using nanofluids 
to enhance the performance of liquid–liquid extraction processes. For industry, the accuracy 
and reliability of data is of fundamental importance, and conducting sufficient experimental 
investigations using nanoparticles to guarantee the results may cost a fortune. Thus, to obtain 
such accurate and reliable results, performing numerical investigations and expanding on 
their results will become vital. Until now, no numerical investigations involving the presence 
of nanoparticles in liquid–liquid extraction columns have been conducted. There is a 
significant need in the field for such investigations, which should be taken into account by the 
scientific community.  
Another important issue for the practical application of nanoparticles is the need to separate 
the dispersed nanoparticles at the outlets. Although many studies have investigated the 
performance of nanofluids in various applications, much less attention has been paid to 
developing procedures to handle the nanoparticles and separate them from the main phases. 
This is an important issue that urgently needs to be addressed. Furthermore, as previously 
mentioned, the use of nanoparticles increases the operating and maintenance costs of 
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processes. Pretreatments such as ultrasonication to stabilize the nanoparticles, as well as post-
treatments to separate the nanoparticles, increase the operational costs. In addition, there are 
always drawbacks to the presence of nanoparticles in multi-phase systems, such as 
sedimentation, accumulation, or clogging inside extraction columns, which may affect the 
steady state operation and lifetime of the equipment, limiting the practical employment of 
nanoparticles in this industry. Therefore, even if the use of a particular type of nanoparticles 
is proven to be highly advantageous, price–performance evaluation is also required in order 
to determine whether the application of nanoparticles to the process is a net benefit or 
disadvantage. 
 
9. Conclusions 
In this review, the published articles on the hydrodynamic behavior and mass transfer 
performance of different solvent extraction contactors were surveyed. The review consisted 
of four main sections (section 3, 4, 5, and 6). In each section, several key studies were 
reviewed and the type of nanofluids, concentration ranges, size of the nanoparticles, 
maximum drop size reduction, maximum holdup enhancement, maximum mass transfer 
improvement, controlling mechanisms, and other important parameters were discussed. 
Generally, it was found that the Brownian motion of the nanoparticles and subsequent micro-
convection are the main factors responsible for the enhancement of mass transfer in liquid–
liquid extraction systems. Another proposed mechanism of mass transfer improvement in the 
presence of nanoparticles was the creation of a Marangoni convection effect and reduction in 
surface tension, which results in a higher turbulence environment and consequently in more 
heterogeneous distribution of the solute at the liquid–liquid interface. In the cases where 
decreased mass transfer was observed, the decrease was attributed to the agglomeration of 
particles, the increased viscosity of the liquid, and the reduction of the diffusion coefficient. 
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However, the general mechanism is still unclear and under debate. The amount of published 
research on liquid–liquid extraction is very limited compared to the number of published 
articles in the field of gas–liquid systems [183,184]. Therefore, further theoretical research of 
systems containing nanoparticles are needed to support the reported experimental data. 
It can also be concluded that there is an optimum concentration of nanoparticles, and in the 
case of an alternating magnetic field, an optimum frequency of the applied magnetic field, to 
promote mass transfer. However, further research is needed to determine the optimum values 
of these parameters, as well as the important characteristics of nanoparticles such as type, 
size, shape, chemical nature, and surface morphology. Additionally, the use of magnetic 
nanoparticles in conjunction with an applied magnetic field was found to be more beneficial 
than the addition of non-magnetic nanoparticles. However, the required equipment and the 
energy consumption due to the magnetic field have to be taken into consideration for 
practical applications.  
Due to the wide application of solvent extraction in different industries, the presentation of 
reliable experimental data and reliable mechanisms for the enhancement and possible 
reduction of mass transfer is highly desirable in order to effectively characterize the 
performance of liquid–liquid extraction systems in the presence of nanoparticles.  
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